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There are good prospects for bone tissue engineering and therefore researcher is aimed 
towards the development of cell-free scaffolds. A cell-free scaffold serves as a temporal 
filling for critical size defects that do not heal spontaneously. Nevertheless, a suitable 
scaffold composition is yet to be discovered. Moreover, modifications of cell-free scaffolds 
with a drug delivery system activate the internal healing capacity. Platelets occur in the 
healing cascade as a natural source of growth factors (GFs), chemokines and cytokines. This 
autologous source of bioactive compounds enables the substitution of synthetic GFs. The 
aim of this thesis is to develop a bioactive cell-free scaffold with a drug delivery system 
supporting the physiological healing of bone defects. The centrifugal spinning method was 
used to produce nanofibrous poly-ε-caprolactone (PCL) scaffolds. PCL scaffolds were 
functionalized with different platelet concentrations. Bioactive compounds released from 
activated platelets were trapped within the formed fibrin net, enabling their gradual release. 
Improved metabolic activity, proliferation and alkaline phosphatase activity of MG-63 cells 
and human mesenchymal stem cells (hMSCs) were detected. The release of compounds 
lasted for two weeks and nearly reached the plateau phase, therefore lyophilized platelet 
lysate (lyophilisate) was encapsulated in the core of the PCL nanofibers to prolong the 
bioavailability of encapsulated compounds. An amphiphilic copolymer Pluronic F-68 was 
used to protect the bioactivity of the lyophilisate. The release lasted for three weeks and did 
not reach the plateau phase. However, released concentrations of proteins were three times 
lower compared to platelet adhesion with no observed effect on the osteogenic 
differentiation of cultured cells. In view of this, further encapsulation of diverse 
concentrations of osteogenic supplements; β-glycerol phosphate, dexamethasone and 
ascorbate-2-phosphate was performed in order to induce osteogenic differentiation. The 
release of these supplements lasted for a month. Induced osteogenic differentiation of 
cultured hMSCs and promoted osteogenic marker production in Saos2 osteosarcoma cell 
line were detected. Such drug delivery systems, with gradual drug release, are promising for 
bone tissue engineering. Moreover, the 3D fibrous morphology of the PCL scaffold ensures 
the maintenance of natural morphology, compared to flat 2D surfaces.  
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Velká očekávání kladena na oblast tkáňového inženýrství směřují vědecké úsilí směrem k 
vývoji bezbuněčných nosičů. Bezbuněčné nosiče slouží jako dočasná výplň defektů kritické 
velikosti, které se nehojí spontánně. Doposud však nebyl vyroben nosič o vhodném složení. 
Modifikace bezbuněčných nosičů pomocí systému řízeného uvolňování léčiv aktivuje 
přirozené hojící procesy. Trombocyty jsou přírodním zdrojem růstových faktorů, chemokinů 
a cytokinů, které se účastní léčebné kaskády. Tento autologní zdroj bioaktivních látek je 
náhradou syntetických růstových faktorů. Cílem této doktorské práce je otestování 
bioaktivního bezbuněčného nosiče se systémem řízeného uvolňování léčiv, který by 
podpořil fyziologické hojení kostních defektů. Metoda odstředivého zvlákňování byla 
použita k výrobě vlákenných nosičů z poly-ε-caprolactonu (PCL). PCL nosiče byly 
funkcionalizovány různou koncentrací trombocytů. Bioaktivní látky uvolněné 
z aktivovaných trombocytů byly zachyceny ve vznikající trombinové síti, což následně 
umožnilo jejich postupné uvolňování. Bylo pozorováno zlepšení metabolické aktivity, 
proliferace a aktivity alkalické fosfatázy u MG-63 osteosarkomových buněk a lidských 
mesenchymálních kmenových buněk (hMSCs). Uvolňování bioaktivních látek po dvou 
týdnech dosáhlo fáze plató. Následně bylo testováno uzavření lyofilizovaného 
trombocytárního lyzátu do vlákenného nosiče s cílem prodloužit uvolňování bioaktivních 
látek. Amfipatický kopolymer Pluronik F-68 byl použit pro ochranu bioaktivity proteinů. 
Uvolňování látek trvalo tři týdny a nebylo dosaženo fáze plató, ovšem koncentrace 
uvolněných látek byla nižší v porovnání s povrchovou adhezí trombocytů. Navíc zde nebyl 
prokázán vliv na navození osteogenní diferenciace kultivovaných buněk. Z tohoto důvodu 
byly do vláken uzavřeny osteogenní suplementy, β-glycerol fosfát, dexametazon a askorbát-
2-fosfát. Uvolňování suplementů trvalo měsíc. V průběhu experimentu bylo pozorování 
navození osteogenní diferenciace hMSCs a podpora produkce osteogenních markerů u 
Saos2 osteosarkomové buněčné linie. Navrhované systémy řízeného uvolňování léčiv, které 
postupně uvolňují bioaktivní látky, jsou slibné pro kostní tkáňové inženýrství. Navíc 3D 
vlákenná struktura PCL nosiče zajišťuje zachování přirozené buněčné morfologie 
v porovnání s morfologicky rovnými 2D kultivačními povrchy.  
 
KLÍČOVÁ SLOVA: systém s řízeným uvolňováním léčiv, bezbuněčné nosiče, odstředivé 
zvlákňování, osteogenní diferenciace, osteogenní suplementy, trombocyty 
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LIST OF ABBREVIATIONS 
3D Three dimensional 
ADP Adenosine diphosphate  
ALP Alkaline phosphatase activity 
asc-2-P Aascorbate-2-phosphate 
bFGF Basic fibroblast growth factor 
BGP Bone Gla protein 
BMP-2 Bone morphogenetic protein 2 
BSP Bone sialoprotein 
C Carbon 
cAMP Cyclic adenosine 
monophosphate 
COX-2 Cyclooxygenase-2 
CS Centrifugal spinning 
CSF-1 Colony-stimulating factor-1 




DMEM Dulbecco’s Modified Eagle’s 
Medium 
DNA Deoxyribonucleic acid 
ECM Extracellular matrix 
EEF Eucaryotic elongation factor 
ELISA Enzyme-linked immunosorbent 
assay 
EMA European Medicines Agency 
ES Electrospinning 
FBS Fetal bovine serum 
FDA Food and Drug Administration 
FTIR-ATR Fourier transform infrared-
attenuated total reflectance 
G-CSF Granulocyte-colony stimulating 
factor 
GF Growth factor 
GM-CSF Granulocyte-macrophage 
colony-stimulating factor 
HGF Hepatocyte growth factor 
HIF-1 Hypoxia-inducible factor-1 
hMSC humans mesenchymal stem cell 
HRP Horseradish peroxidase 
IFN-γ Interferon-γ 
IGF Insulin growth factor  
IL Interleukin 
IL-1ra interleukin-1 receptor antagonist 
IP-10 Interferon-gamma-inducible 
protein 10 
JNK c-Jun N-terminal kinase 
KGF Keratinocyte growth factor 
LOQ Limit of quantification 
MCP-1 Monocyte Chemoattractant 
Protein-1 
M-CSF Macrophage colony-
stimulating factor  
MEM Minimum Essential Medium 
MIP-1a Macrophage inflammatory 
protein-1a 
MMP Matrix metalloproteinases  




NF-κB Nuclear factor kappa B 
8 
NPP1 Nucleotide pyrophosphatase 
phosphodiesterase 
O Oxygen 
OCIF Osteoclastogenesis inhibitory 
factor 
ODAR Osteoclast differentiation and 
activation receptor 
ODL Osteoclast differentiation factor 
OPGL Osteoprotegerin ligand 
OS Osteogenic supplements 
P Phosphate 
p42/44 ERK 
P42/44 MAPK p42/p44 mitogen-
activated protein kinase 
PBS Phosphate buffered saline  
PCL Poly-ε-caprolactone 
PDGF Platelet-derived growth factor 
PEG Polyethylene glycol 
PEO Polyethylene oxide 
PF-68 Pluronic F-68 
PGA Poly-glycolic acid  
PGE2 Prostaglandin E2 
PI3K 
PI3K Phosphatidylinositol 3-kinase 
PLA Polylactic acid 
PLA Poly-lactic acid 
PLLA Poly-l-lactic acid  
PNNP p-Nitrophenyl Phosphate 
PPO Polypropylen oxide 
PRF Platelet rich fibrin 
PRP Platelet rich platelets 
PTH Parathyroide hormone 
qPCR quantitative polymerase chain 
reaction 
RANK Receptor Activator of Nuclear 
Factor Kappa B 
RANKL RANK ligand 
RGD Arginine, Glycine, and Aspartate 
RNA Ribonucleic acid 
RunX2 Runt-related transcription 
factor 2 
SD Standard deviation 
SDF-1 Stromal cell-derived factor-1 
SEM Scanning electron microscopy 
SERCA Sarcoplasmic endoplasmic 
reticulum calcium ATPase  
SPP1 Secreted phosphoprotein 1 
TAFI Thrombin-activatable fibrinolysis 
inhibitor 
TBS Tris buffered saline 
TGF-β Transforming growth factor β 
Tie2 tunica internal endothelial cell 
kinase 2 
TNAP Tissue non-specific alkaline 
phosphatase  
TNF Tumor necrosis factor 
TRAF TNF receptor associated factor 
TRAIL TNF related ligand 
TRANCE TNF-related activation-
induced cytokine  
TRAP Tartrate resistant acid 
phosphatase 
VEGF Vascular endothelial growth 
factor 
W/O water in oil 
w/v Weight/volume 
wt% Weight percentage 
β-GP β-glycerol phosphate 
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ABBREVIATIONS OF EXPERIMENTAL GROUPS 
CSP1-CSP5 Centrifugally spun scaffold with adhered platelets, platelets concentrations 
were P1 - 3,000 × 10
9
, P2 - 900 × 10
9
, P3 - 300 × 10
9
, P4 - 10 × 10
9




CSC Centrifugally spun scaffold with no adhered platelets, control group 
CSNP1-P5 Centrifugally spun scaffold with adhered platelets cultivated in a growth media, 
platelets concentrations were P1 - 3,000 × 10
9
, P2 - 900 × 10
9
, P3 - 300 × 10
9
, P4 - 10 × 10
9
 




CSNC Centrifugally spun scaffold cultivated in a growth media, control group 
CSDP1-P5 Centrifugally spun scaffold with adhered platelets cultivated in a growth media 
with osteogenic supplements, platelets concentrations were P1 - 3,000 × 10
9
, P2 - 900 × 10
9
, 
P3 - 300 × 10
9
, P4 - 100 × 10
9
 and P5 - 30 × 10
9 
platelet/L 
CSDS Centrifugally spun scaffold cultivated in a growth media with osteogenic 
supplements, control group 
ESNP1-P5 Electrospun scaffold with adhered platelets cultivated in a growth media, 
platelets concentrations were P1 - 3,000 × 10
9
, P2 - 900 × 10
9
, P3 - 300 × 10
9
, P4 - 100 × 
10
9
 and P5 - 30 × 10
9
 platelet/L 
ESNC Electrospun scaffold cultivated in a growth media, control group 
ESDP1-P5 Electrospun scaffold with adhered platelets cultivated in a growth media with 
osteogenic supplements, platelets concentrations were P1 - 3,000 × 10
9
, P2 - 900 × 10
9
, P3 - 
300 × 10
9
, P4 - 100 × 10
9
 and P5 – 30 × 10
9 
platelet/L 
ESDC Electrospun scaffold cultivated in a growth media with osteogenic supplements, 
control group 
 
5%-20%PF-LYO Centrifugally spun scaffolds with encapsulated lyophilisate using 
Pluronic F-68 in the concentrations of 0%, 5% and 10% (w/v) 
PCL blend Lyo Centrifugally spun scaffolds with encapsulated lyophilisate without using 
Pluronic F-68 
C Centrifugally spun scaffold, control group 
OS1-10 Centrifugally spun scaffold with encapsulated osteogenic supplements using once 
(OS1), two times (OS2), five times (OS5) and ten times (OS10) concentrated osteogenic 
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supplements compared to generally used in vitro concentrations, cultivated in a growth 
media 
CGM Centrifugally spun scaffolds cultivated in a growth media 





Tissue engineering is an interdisciplinary field that unites engineering and life sciences. 
Combined scientific and medical knowledge has led to the development of tissue 
replacements that improve regenerative therapies. Apart from auto- and allografts, tissue 
engineering is centered on cell-based therapies utilizing manufactured scaffolds. However, 
these methods are connected with invasive procedures and the ex vivo manipulation of cells. 
On the other hand, cell-free scaffolds could address these challenges.  
In bones, critical size defects do not heal spontaneously and require filling material, 
namely a scaffold that would temporarily bridge the created gap. Migrating cells in the 
defect site could adhere on the surface of the scaffold. During the healing period, cells 
produce an appropriate extracellular matrix (ECM) that gradually replaces the biodegradable 
scaffold with the proper tissue. An ideal scaffold for bone tissue engineering should meet 
certain criterions, among which biocompatibility, sufficient porosity together with 
osteoinductivity, osteogenicity and osteoconductivity are all important.  
ECM has a fibrillar structure and therefore offers contact points for cell adhesion. In 
addition to superior cell adhesion, fibrous scaffolds are highly porous and offer the 
possibility of further functionalization. Several techniques for the production of fibrous 
scaffolds exist. Centrifugal spinning (CS) and electrospinning (ES) are methods that 
produce porous nanofibrous layers with a fiber diameter ranging from hundreds of 
nanometers to tens of micrometers. The ES method uses a high electric field to produce 
fibrous layers with limited pore diameters. Alternatively, the CS method uses centrifugal 
force to produce scaffolds resembling three dimensional (3D) fluffy structures, enabling 
cells to migrate deep within the scaffold. In this thesis, both types of scaffolds were tested as 
a potential scaffold for bone tissue engineering. 
In addition, the investigation of a suitable drug delivery system is of interest in order 
to specifically control bone tissue regeneration. Functionalization of the scaffolds surface 
and encapsulation of bioactive compounds into the core of fibers were investigated in this 
thesis. Both methods lead to the prolonged and sustained release of bioactive compounds. 
Different compounds can be used for drug delivery systems. Apart from the synthetic 
growth factors (compounds unlikely to be approved for medical use), synthetic molecules 
that could be obtained in medical grade or natural compounds such as autologous platelets 
could be used. Platelets are a natural source of growth factors, cytokines and chemokines 
that participate during bone healing - hematoma formation and inflammatory phase and 
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promote cell migration, adhesion and proliferation. The application of a drug delivery 
system into the site of the defect would help to mimic physiological healing, resulting in an 
improved regeneration. This system eliminates the need for repeated drug administration in 
supraphysiological concentrations that could be harmful for the organism. Furthermore, by 
eliminating the negatives related with cell-based therapies, there is potential for a more rapid 
application in medical practice.  
The aim of the thesis is to combine the 3D structure of PCL scaffolds, produced by 
the CS method, with a drug delivery system in order to develop an osteoinductive and 
biomimicking scaffold that would be conducive to the healing of bone defects. In order to 
fulfill these aims, produced PCL scaffolds were used for platelets adhesion and subsequent 
activation. The effect of released factors was tested on the MG-63 osteosarcoma cell line 
and on human mesenchymal stem cells (hMSCs). For the purpose of prolonging the release 
of bioactive compounds either lyophilized platelet lysate (lyophilisate) or osteogenic 
supplements were encapsulated into the core of the PCL fibers to further promote osteogenic 
differentiation of seeded Saos2 osteosarcoma cell line and hMSCs.  
This PhD thesis is divided into two parts, starting with the chapter Literature review 
that summarizes knowledge of bone tissue, bone healing, platelets and bone tissue 
engineering. The second part contains the chapter Materials and methods, where the 
procedures by which the results were achieved are described. The chapter Results is the 
output of the PhD thesis. The results from each of the experiments are summarized and 
accompanied with tables, graphs and figures to complete the Results chapter. All of the 
conclusions are summarized and commented on in the chapters Discussion and Conclusion. 
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1  LITERATURE REVIEW 
1.1 BONE TISSUE 
In vertebrates the mineralized connective tissue is bone. Bones enable locomotion, give the 
body its shape, weight support and protect internal organs against external forces. As the 
bones contain bone marrow, they hold the source of healing cells and are the location of 
hematopoiesis. Bone is a type of hard tissue. Unlike soft tissue, significant amount of water 
is substituted with an inorganic component of bones - crystals of hydroxyapatite which is a 
type of calcium phosphate. Therefore, bones maintain mineral homeostasis.  
Bone formation occurs in two distinct ways, either by intramembranous ossification 
or by endochondral ossification. Both ossification models start with the condensation of 
mesenchymal stem cells (MSCs) that form the shape of the arising bone. During the 
intramembranous ossification, the MSCs differentiate directly to osteoblasts, this type 
occurs mainly in the head region [1]. Endochondral ossification occurs in the long bones 
and during bone regeneration. Endochondral ossification begins with the formation of 
cartilage template that is subsequently replaced by bone [1, 2].  
Bone is composed from bone extracellular matrix (ECM) and bone cells. Two main 
bone cell lineages are presented in the bones, bone forming cells - osteoblasts, osteocytes 
and bone lining cells and bone resorbing cells – osteoclasts. These cells are responsible for 
the continuous remodeling of bones which continue throughout adulthood.  
1.1.1 BONE FORMING CELLS 
During bone formation several maturational stages of osteoblasts occur: osteoprogenitors, 
preosteoblasts, mature osteoblasts and osteocytes or bone lining cells (Figure 1). The 
distinct stages can be distinguished based on the changes in the expression pattern of 
specific molecules, e.g. collagen type I, osteocalcin (or bone Gla protein (BGP)), 
osteopontin (also called secreted phosphoprotein 1 (SPP1)), osteonectin, bone sialoprotein 
(BSP or IBSP) and alkaline phosphatase (ALP) activity [3]. 
Osteoprogenitors are committed from MSCs. MSCs are multipotent cells, of a 
spindle or round shape [4], with the ability to differentiate into various types of connective 
tissue such as osteoblast, chondroblasts, myoblasts, fibroblasts, adipoblasts or neuroblasts 
[4, 5]. Osteoprogenitors of a spindle shape are capable of dividing and are highly 
proliferative [3, 6]. Preosteoblasts of a polygonal shape typically occur in the juxtaposition 
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and synthetize osteopontin and in some cases also low levels of BSP that is typical for 
differentiated osteoblasts [3, 7]. During the proliferative phase, the expression of collagen 
type I also occurs, which is necessary for the later deposition of minerals within the ECM 
[6]. Additionally the interaction between preosteoblasts and collagen type I is mediated by 
α2β1 integrin, this interaction is necessary for further maturation, as this signaling activates 
mitogen activated protein kinase (MAPK) [8].  
 
Figure 1: Osteoblast maturation - Osteoblasts undergo several maturational stages during 
osteogenic differentiation. Each stage is characterized by shape, cellular behavior, ECM and protein 
synthesis and is governed by certain signaling molecules e.g. BMPs, RunX2 or osterix. Figure taken 
from [9]. Abbreviations: BMP, bone morphogenetic proteins; OSX, osterix; RunX2, Runt-related 
transcription factor 2. 
Late preosteoblasts express ALP and BSP but no osteocalcin. Furthermore an 
increase in ALP expression and its enzymatic activity is coupled with a decrease in 
proliferation [3, 6]. The expression of osteocalcin does not appear until the loss of 
proliferative capacity occurs, which is connected with the loss of H4 histone mRNA 
expression. However, a significant amount in osteocalcin expression occurs together with 
ECM mineralization [6]. Further differentiation results in cuboidal shaped osteoblasts that 
do not proliferate [3]. It would seem that either an accumulation of collagen type I or a 
modification of collagen type I is associated with the decline in proliferation. Moreover, a 
downregulation of proliferation is associated with the induction in expression of some 
markers associated with mature osteoblast phenotype, e.g. ALP but not osteocalcin as the 
expression of genes associated with mineralization can be induced after mineral 
accumulation [6].  
Osteoblasts typically have large Golgi apparatus and rough endoplasmic reticulum. 
This enables them to heavily synthetize ECM proteins such as osteocalcin, BSP and 
osteopontin [3, 6, 7]. As mentioned in the proliferative phase, osteopontin is also expressed, 
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however the expression during this phase is about 4 times lower compared to the 
mineralization phase. The level of ALP expression and activity decreases prior to the 
process of ECM mineralization [6]. The last stages are spindle shaped osteocytes that are 
embedded in mineralized tissue and thin bone lining cells [10]. Bone lining cells are flat 
shaped osteoblasts covering the surfaces of the bones [11].  
Osteoblasts further synthesize bone morphogenetic proteins (BMPs) that are stored 
within the collagenous ECM and function in activation of BMP receptors on preosteoblasts 
and osteoblasts. This signaling directs further maintenance of osteoblastic phenotype and the 
induction of osteoblastic differentiation in the surrounding preosteoblasts and MSCs [8].  
Osteocytes are located within the mineralized ECM in the osteocyte lacunae [12]. 
They are smaller than osteoblasts, are the most abundant cells presented in the bone and 
they evolve a high number of filopodias and cytoplasmic extensions serving for connections 
with other osteocytes or bone lining cells [13]. The osteocytes are connected through 
canaliculi in the system called the lacunar-canalicular network [10, 12]. Osteocytes are 
mechanosensor cells within the bone. They experience whole bone tissue unidirectional 
strain (around 0.2 %) due to physiological loading [14, 15]. The strain regulates bone 
remodeling - osteoclasts resorbing the bone and osteoblasts forming the bone [12]. 
However, such a low whole tissue strain is not capable of inducing stress signaling in cells. 
On the other hand, higher strains from ECM deformation would result in bone fracture. 
Therefore, the other possible explanation is the flow of fluid in the lacunar-canalicular 
network that causes shear stress on the cell membrane and subsequently induces an 
alteration in cell signaling [16].  
1.1.2 OSTEOCLASTS 
Osteoclasts are cells responsible for bone resorption. They are derived from 
monocyte/macrophage lineage, from hematopoietic precursors. It is not however clear how 
the osteoclast progenitors distinguish in bone marrow from the macrophage lineage [17, 18]. 
Mature osteoclasts are large multinucleated cells, typically express a calcitonin receptor, 
tartrate resistant acid phosphatase (TRAP), cathepsin K, integrin αVβ3, c-Fms receptor, c-
src signaling molecule and transcription factor PU.1, and are capable of bone resorption 
[19]. The process of osteoclastogenesis is driven by a group of molecules, e.g. macrophage 
colony-stimulating factor (M-CSF), receptor activator of nuclear factor kappa B ligand 
(RANKL), interleukin-1 (IL-1), -6, and -11, prostaglandin E2 (PGE2) produced mainly by 
stromal cells [18]. 
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Mature osteoclasts are polarized cells with two typical membrane domains that 
enable osteoclasts their function in bone resorption (Figure 2). The cell polarization is 
enabled by a huge cytoskeleton rearrangement [20]. The first membrane structure is the 
professed sealing zone that is formed by actin cytoskeleton [21, 22]. Actin filaments are 
interconnected to the cytoskeleton via proteins such as α-actinin, talin and vinculin and also 
to the integrin receptors that tightly anchor osteoclasts to the bone in order to prevent the 
leaking of protons from resorption lacunae therefore allowing the bone resorption to occur 
[20, 22]. The bone resorption only occurs after actin ring and sealing zone formation [20]. 
The main integrin receptor in osteoclasts is αVβ3 integrin which binds the arginine, glycine, 
and aspartate (RGD) amino acid sequence, present e.g. in vitronectin, collagen type I, 
osteopontin or bone sialoprotein [20, 23].  
 
Figure 2: Osteoclast - Osteoclasts are bone resorbing cells. In order to fulfill their role tight 
anchoring of the osteoclasts to the mineralized bone via the sealing zone is necessary. The sealing 
zone enables the formation of a non-leaking border and therefore protons can create an acidic 
environment. An acidic environment is created in the resorption lacunae by V-ATPase and chloride 
channels presented in a ruffled membrane. In the resorption lacunae the bone resorption occurs either 
by an acidic environment that dissolves the inorganic phase of bone or by enzymes that dissolve the 
organic phase of bone. Figure taken from [24]. 
The second membrane structure is a ruffled membrane. The ruffled membrane is 
located within the sealing zone. This specialized structure serves as a resorptive organelle 
that transports the protons into the resorption lacunae, which is mediated by V-ATPases 
present in the ruffled membrane [21]. The ruffled membrane also has the presence of 
chloride channels. Vacuolar type H
+
-adenosin triphosphatase together with chloride 
channels, create an acidic environment, pH 4, that dissolves the inorganic phase of the 
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bone and activates secreted enzymes such as TRAP. Proteolytic enzymes, e.g. cathepsin K 
and matrix metalloproteinases (MMPs) further degrade the organic phase of the bone. The 
products of degradation are endocytosed by osteoclasts [13].  
Early stages of osteoclastogenesis are driven by a set of molecules such as IL-3 and -
6 [18, 25]. Interestingly, IL-6 not only stimulates early osteoclastogenesis but also bone 
resorption in mature osteoclasts [18]. M-CSF, also known as colony-stimulating factor-1 
(CSF-1) is a soluble factor produced by stromal cells upon stimulation by parathyroide 
hormone (PTH) [26]. c-Fms, also called CSF-1 receptor (CSF-1R), is the tyrosine kinase 
receptor present on osteoclast precursors. This receptor is responsible for the binding of M-
CSF [27, 28]. M-CSF regulates proliferation, differentiation and fusion of osteoclast 
precursors [29]. c-Fms binds M-CSF that results in dimerization of the receptor and 
activation of its tyrosine kinase activity which leads to autophosphorylation. The 
autophosphorylation creates binding sites for SH2 or PTB domain containing proteins. 
Subsequently, phosphatidylinositol 3-kinase (PI3K) and p42/p44 mitogen-activated protein 
kinase (p42/44 MAPK) and other kinases are activated and further transduce the signaling. 
M-CSF induces the osteoclastogenesis, however direct contact of osteoclast precursors with 
either stromal cells or osteoblast is required [17, 19, 30]. 
Osteoclast precursors or mature osteoclasts have, on their surface, a receptor 
activator of nuclear factor kappa B (RANK) - also known as an osteoclast differentiation 
and activation receptor (ODAR). This receptor belongs to a tumor necrosis factor (TNF), a 
receptor superfamily that binds RANKL [19, 31, 32]. c-Fms and the signaling of M-CSF 
induce RANK expression [28]. RANK expression is stimulated by PTH, PGE2, 
dexamethasone, IL-1β and -11, TNFα or 1,25-dihydroxyvitamin D3. The expression is 
attenuated by transforming growth factor β (TGF-β) or estrogen [30, 33, 34]. In the 
promoter region of the RANKL gene, there is a responsive element for Runt-related 
transcription factor 2 (RunX2) present, indicated on osteoblastogenesis coupled with 
osteoclastogenesis [34]. RANK binds RANKL that is also called osteoprotegerin ligand 
(OPGL) or osteoclast differentiation factor (ODF) or TNF-related activation-induced 
cytokine (TRANCE) [19, 26, 31]. RANKL is important for osteoclastogenesis mediated by 
osteoblasts; RANKL signaling also inhibits osteoclasts from apoptosis [34]. RANKL exists 
either in soluble or transmembrane form [19, 33]. The soluble form is derived post-
translationally by cleavage from the transmembrane form [34]. Upon binding of RANKL to 
RANK the bipotential early precursors undergo osteoclastogenesis, therefore if RANKL is 
not present then a macrophage is obtained [28]. Upon binding of RANKL, RANK 
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associates with several cytoplasmic TNF receptor associated factors (TRAFs) that 
subsequently activate c-Jun N-terminal kinase (JNK), nuclear factor kappa B (NF-κB), 
PI3K/Akt or c-src activation [32, 34]. Although, both osteoblasts and osteocytes express 
receptors for PTH and 1,25-dihydroxyvitamin D3, osteocytes synthesize RANKL to a 
greater extent compared to osteoblasts or MSCs, therefore osteocytes support 
osteoclastogenesis more than osteoblasts [35].  
1.1.3 EXTRACELLULAR MATRIX  
Bone tissue is composed of 70% inorganic components – mainly from nanocrystals of 
hydroxyapatite, 10% is formed of water and 20% consists of organic components that are 
connected with hydroxyapatite [36]. The organic phase of bone ECM is composed of 90% 
collagen type I that is responsible for tensile stiffness and, following mineralization, also for 
biomechanical properties such as load bearing [37]. The organic phase of bone ECM is 
composed of 10% non-collagenous proteins, e.g. osteocalcin, osteonectin, BSP or 
osteopontin, all of which are mainly synthesized by osteoblasts [8, 38].  
In general, the interconnection of bone ECM is mediated through collagen fibrils. 
Collagen has a slightly positive surface at neutral pH. Non-collagenous acidic proteins, 
therefore interacts with the collagen surface mainly via electrostatic interactions. More 
acidic proteins, such as osteocalcin or BSP, have stronger binding capabilities to collagen 
compared to less acidic proteins, for example osteonectin [39]. The ECM is further linked to 
cells mainly via RGD peptide sequence that serves for αVβ3 integrin binding [40]. In the 
space between collagen triple helices, bone ECM mineralization occurs [41]. The nucleation 
process of hydroxyapatite is moderated by acidic non-collagenous proteins [42].  
PROTEIN COMPOSITION 
Collagen type proteins have a typical triple-helical structure with three left handed chains 
supercoiled into the right handed helical axis. Each of these helices has the characteristic 
glycine in every third position, allowing the close proximity of helices, as glycine is a small 
amino acid. Typically in the repeats is the presence of proline and hydroxyproline amino 
acids that offer stabilizing intramolecular hydrogen bounds to the triple helix. The further 
modification of lysine to hydroxylysine offers the possibility of intermolecular crosslinking 
of collagen fibrils [37]. Triple-helical structured procollagen is secreted extracellularly. 
Following the secretion, carboxy- and amino-propeptides are cleaved off. Hydrophobic and 
electrostatic interactions assist the triple-helical collagen monomer association, resulting in 
the formation of long fibrils (with 67 nm long repeated areas called D-period) [37, 43]. The 
19 
fibrils further occur periodically axially and laterally, forming larger fibrils of 25 - 400 nm 
in diameter. The MMP binding and cleavage site is presented on collagens. Collagen type I 
is typically formed from two α1 chains and one α2 chain [37, 43, 44].  
RunX2 is a transcription factor, induction of its transcription activity is mediated by 
MAPK pathway which results in phosphorylation of RunX2. RunX2, upon phosphorylation, 
promotes the expression of osteocalcin, osteopontin and collagen type I, however represses 
expression of BSP [8, 45]. Upon collagen accumulation, osteoblasts start to express BMP2, 
-4 and -7 that are important for the induction of osteoblastic gene expression. BMPs bind to 
BMP receptor type II that subsequently interacts with BMP receptor type I. BMP receptors 
are serine/threonin kinases. Upon BMP binding, type II receptor phosphorylates type I 
receptor that subsequently phosphorylates Smad proteins. Smad proteins form active 
complexes that transduce the signal in the nucleus. As a result, transcription activation of 
genes, such as osteocalcin or BSP is induced [8, 46].  
In general, the majority of non-collagenous proteins are acidic and phosphorylated in 
order to support binding to the collagen fibrils and also to enhance hydroxyapatite 
deposition. In addition, some of them have cell binding RGD motifs that enable cell 
adhesion via αVβ3 integrins. The most abundant protein in bone ECM is osteonectin, and 
glutamic acid residues presented on this protein serve for calcium binding [40, 47].   
On the surface of osteocalcin -carboxyglutamic acid residues are present that are 
post-translationally modified, while vitamin K is necessary for its synthesis. These residues 
serve for calcium binding, upon which osteocalcin appears in the conformation of three 
alpha-helices [40]. The synthesis of osteocalcin is stimulated by 1,25-dihydroxyvitamin D3 
[47].  
BSP has sialic acid containing oligosaccharides. In the BSP there are also 
phosphorylated serine residues present, and glutamic acid residues serving for the binding of 
calcium and nucleation of hydroxyapatite [40]. N-terminal zone on BSP mediates binding to 
collagen fibrils via hydrophobic interactions. BSP also provides cells with RGD sequence 
for cell binding. The synthesis of BSP is stimulated by dexamethasone and is inhibited by 
1,25-dihydroxyvitamin D3 [47]. 
Osteopontin has RGD tripeptide sequence for cell binding, phosphorylated serine 
and threonine residues and negatively charged aspartic acid residues, rather than glutamic 
acid residues present on BSP. Upon thrombin cleavage, a binding site for hyaluronate 
receptor (CD44) is revealed [40]. Osteopontin synthesis is stimulated by 1,25-
dihydroxyvitamin D3. Osteopontin can be found in the sealing zone of osteoclasts and, as 
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this protein contains RGD sequence, it can serve for the adhesion of osteoclasts. 
Phosphorylation of osteopontin inhibits the growth of hydroxyapatite crystals, in contrast to 
the nucleation activity of BSP [40, 47].  
PROCESS OF ECM MINERALIZATION 
During the process of bone ECM mineralization the mineral-organic composite bone 
material is produced. Basically, hydroxyapatite crystals, composed of Ca10(PO4)6(OH)2, are 
deposited over the fibrillary collagen. The apatite crystals are on average 50 nm long, 28 nm 
wide and 2 nm thick [44, 48]. Prior to collagen mineralization, there is mineral formation 
[49]. This process is connected with matrix vesicles. These vesicles are small and bound to 
the plasma membrane of osteoblasts, chondroblasts and odontoblasts. In the membrane there 
are tissue non-specific alkaline phosphatases (TNAP) and nucleotide pyrophosphatase 
phosphodiesterases (NPP1) present, both are important for the process of mineralization. 
The matrix vesicles also contain annexins [50].  
Pyrophosphate is an inhibitor of the mineralization process. It is produced from 
nucleoside triphosphate by NPP1. However, the formed pyrophosphate is hydrolyzed by the 
function of TNAP that decreases the pyrophosphate concentration, therefore increasing the 
inorganic phosphate concentration, and this then promotes the process of mineralization 
[50]. The phospholipids from the matrix vesicles are able to bind calcium and phosphate and 
thus could serve as a nucleation sites for hydroxyapatite formation. The vesicles also contain 
MMP-2, -3 and -13 that enable ECM remodeling prior to the mineralization process. The 
precise mechanism of the mineralization process occurring within the matrix vesicles and 
the role of collagen is still unknown, however the proposed model suggests that calcium and 
phosphate are transported into the vesicles and initiate the mineral formation [49, 50].  
The carboxyl and carbonyl groups on the collagen are the nucleation sites for 
hydroxyapatite [51, 52]. In vitro studies suggest that firstly amorphous calcium phosphate is 
deposited within the collagen and subsequently it is transformed into a crystalline phase 
[53]. However, collagen is not capable of inducing nucleation of hydroxyapatite crystals 
[41, 44]. Non-collagenous proteins sequestrate and stabilize the calcium phosphate in order 
to initiate the nucleation of hydroxyapatite and its deposition within the gaps occurring in 
the collagen fibrils. For example BSP, upon binding to collagen, increases its 
hydroxyapatite binding potential [41, 48].  
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1.1.4 BONE ANATOMY  
Bone is composed from collagens, non-collagenous proteins and hydroxyapatite. The 
complex structure of bone is important to fulfill different functional demands. 
Microscopically we can divide the bone into woven and lamellar [13, 44]. Hierarchically the 
bone is divided into macrostructures (cortical, cancellous bone), microstructures ranging 
from 10 μm - 500 μm (osteons, Haversian systems, trabeculaes), sub-microstructures 
ranging from 1 μm - 10 μm (lamellae), nanostructures ranging from 100 nm - 1 μm 
(collagen fibrils) and subnanostructures below 100 nm (minerals, collagen molecule) 
(Figure 3) [54, 55]. 
 
Figure 3: Bone hierarchy – Complex structure of bone is divided into macro-, micro-, submicro, 
nano- and subnanostructures including cortical bone, osteons, lamellae, collagen and minerals, 
respectively. Figure taken from [54]. 
WOVEN BONE 
The woven bone is typical for embryonic and fetal development but it can be found in adult 
tissue as well, in the ligaments and tendon insertions. Furthermore, the woven bone in adults 
could be provisionally present after bone fracture healing when a temporary callus is 
formed, yet the woven bone is replaced within a few weeks by the lamellar bone [13]. In 
pathophysiological conditions the woven bone is present in osteogenic tumors and 
metastasis. The woven bone is less structurally designed compared to the lamellar bone. The 
collagen fibrils within the woven bone are disorganized, therefore the hydroxyapatite 
crystals are also less ordered [13, 44].  
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LAMELLAR BONE  
Remodeling of the woven bone upon mechanical stimulation leads to lamellar bone 
formation [13]. From mechanically stimulated bone the prostaglandins are released. As a 
consequence, β-catenin is active through PI3K/Akt pathway which is activated by released 
PGE2 and the bone mass therefore increases [56]. The lamellar bone is a mature bone, 
consisting of the lamellae of calcified extracellular matrix. It can be found in both the 
cortical (compact) and cancellous (spongy or trabecular) bone [13, 57]. The cortical bone is 
composed from osteons that consists of layers of lamellae coaxially arranged around the 
Haversian canal that contains a blood vessel [13, 58]. Primary and secondary osteons can be 
distinguished. Primary osteons are formed de novo from the woven bone while secondary 
osteons are formed as a consequence of bone remodeling [13].  
Alternatively, cancellous bone is a 3D porous network composed of trabeculae 
(lamellae) that group as they reflect the stress lines. The bone marrow and the vessels are 
situated between the trabeculae. The trabecular bone also contains less hydroxyapatite 
compared to the compact bone [57, 59].  
1.1.5 BONE REMODELING  
Bone is a dynamic tissue and therefore bone remodeling is a naturally occurring process. It 
takes part during the longitudinal bone growth in the region of metaphysis and diaphysis 
[13]. Throughout adulthood, the bone remodeling also deals with the removal of old bone 
tissue by the osteoclasts while new bone formation is provided by the function of the 
osteoblasts. As a consequence, the microcracks within the bones, originated from the natural 
bone loading forces, are repaired [60]. The bone remodeling further serves to adapt the 
bones to the loading changes or to react to the metabolic demands [13]. In the trabecular 
bone every year approximately 25% of bone tissue is remodeled as the trabecular bone 
poses a high volume to surface ratio while it is only 3% of the cortical bone [18]. A mature 
osteoclast is able to resorb 200,000 m
3
 of bone mass per day. The process of bone 
remodeling is orchestrated by a set of GFs, cytokines and hormones. As a consequence of 
signaling dysregulation, the pathophysiological state, e.g. osteoporosis, can evolve [13].  
RANKL can be bound not only by RANK but also by a soluble glycoprotein 
receptor called osteoprotegerin (OPG or osteoclastogenesis inhibitory factor (OCIF)) 
(Figure 4) [26, 30]. OPG is secreted by stromal cells and osteoblasts [30, 61]. Its expression 
is stimulated by IL-1α and -1β, TNF-α and –β, 1,25-dihydroxyvitamin D3, BMP-2 or by estrogen 
and TGF-β and decreased by glucocorticoids and PGE2 [34]. It belongs to the TNF receptor 
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superfamily [62]. OPG binds to RANKL and therefore competes with RANK concerning 
binding to RANKL. This OPG-RANKL interaction prevents RANKL from binding to 
RANK and induces the inhibition of osteoclast terminal differentiation, activation and 
apoptosis [34, 63]. Therefore, OPG increases the bone density. OPG also binds TNF-related 
ligand (TRAIL) and blocks its antiosteoclastogenic activity [26].  
 
Figure 4: Osteoclast differentiation – Osteoclasts are differentiated from hematopoietic precursors. 
The whole process is driven by a set of molecules that induce osteoclastogenesis. Between these 
molecules belong M-CSF, RANKL and OPG. RANK and OPG are both capable of binding RANKL 
which results in the dynamic regulation of the osteoclast differentiation. Figure taken from [9]. 
OPG was shown in vitro to be upregulated by PGE2 and downregulated by IL-1α 
and TNF-α and –β. PTH has a calcemic effect as it regulates serum calcium. PTH stimulates 
mRNA expression for RANKL and inhibits mRNA expression of OPG [26, 30]. As a 
consequence of estrogen deficiency, there is an increase in the production of IL-1, TGF-β, 
TNF-α, PGE2 and M-CSF. These pro-resorptive cytokines affect osteoclast activation and 
the inhibition of apoptosis [34]. Sclerostin is a secreted glycoprotein secreted by osteoblastic 
cells, mainly by osteocytes. It is a BMP antagonist with the affinity to bind BMP receptor 
type I and II. Upon binding, the Wnt signaling pathway is inhibited. As a result, the 
osteoblastic differentiation and mineralization are inhibited, causing a decrease in bone mass 
[64].  
Osteoclasts are motile cells that transmigrate through blood vessels and migrate 
through the bone ECM to the site of future bone resorption [23, 65]. Stromal cell-derived 
factor-1 (SDF-1 or CXCL12) is a chemokine expressed by osteoblasts, stromal marrow cells 
and endothelial cells lining the blood vessels in the bones. The SDF-1 receptor called 
CXCR4, is expressed on the hematopoietic progenitor cells and its expression decreases, 
along with cell differentiation. The binding of SDF-1 to its receptor induces chemotaxis, 
cytoskeletal remodeling and the upregulation of MMPs and integrins, and all of this is 
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necessary for cell migration [66]. MMPs are zinc dependent endopeptidases crucial for 
enabling the migration of osteoclasts [25, 67]. For example, MMP-12 cleaves osteopontin 
and BSP, both involved in osteoclasts adhesion and spreading [67]. During bone resorption, 
MMP-2, -9 and 13 were mainly shown to be responsible for the resorption of the organic 
phase of bone. The expression of MMPs is regulated by IL-1 and -6 signaling [25]. 
Furthermore, PGE2 stimulates the expression of MMP-2 and -13 in periosteoclastic cells, 
e.g. osteoblasts or mononuclear cells [23]. MMP-9, -12 and -14 are expressed by osteoclasts 
[25, 65, 67]. MMP-9, -12 and -14 activate TNF-α which is a pro-osteoclastic agent [67]. 
MMP-9 activity is stimulated by RANKL and SDF-1, therefore its signaling triggers the 
migration of preosteoclasts. Moreover MMP-9, upon cleaving of ECM, releases vascular 
endothelial growth factor (VEGF) bounded in ECM, subsequently the capillary invasion is 
promoted and thus bone remodeling can occur [66].  
Bone resorption is mediated by two groups of enzymes; cysteine proteinases 
produced by osteoclasts and MMPs produced by both osteoblasts and osteoclasts [25, 68]. 
To begin with, osteoclasts migrate through the bone ECM and degrade collagens by MMPs 
that function at physiological pH; subsequently the bone resorption occurs [66]. Bone 
resorption takes place in the extracellular space surrounded by the ruffled border of 
osteoclasts, in the resorption pit where acidification of the extracellular space is necessary 
for the function of cysteine proteinases. The presence of protons acidifies and solubilizes 
minerals in the subosteoclastic resorption zone, leaving the organic phase available for the 
proteinase degradation [65].  
Cathepsin K is a cysteine proteinase, its expression is stimulated by RANKL 
signaling [65, 66]. Cathepsin K cleaves triplehelical collagen, but only in the presence of 
glycosaminoglycans associated with collagen [69]. Homodimers of cathepsin K form a high 
molecular weight complex with glycosaminoglycans and cleave the collagen triple helix 
[65, 69]. The triple helix of collagen, upon cleaving, is unwound and susceptible for other 
proteinases, e.g. cathepsin B, H and L [65]. Collagen type I contains various RGD amino 
acid sequences that accumulate upon cleavage of collagen type I. The RGD peptide 
accumulation consequently inhibits the bone resorption activity of osteoclasts in an 
autocrine manner, as the integrin receptors are reorganized and the disruption of the actin 
ring, forming the sealing zone, occurs [20]. In the absence of glycosaminoglycans, the 
cathepsin K cleaves only gelatinases and telopeptides [69]. 
Bone ECM degradation further leads to the release of calcium that inhibits 
osteoclasts activity via binding to calcium receptors [70]. The degradation of the collagen 
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network by osteoclasts, leads to the release of insulin growth factor (IGF) that is bound to 
the ECM. Released IGF later stimulates osteoblastic activity and new bone formation [37]. 
1.2 BONE HEALING  
Bone tissue has the regenerative capacity to heal fractures without forming a fibrous scar, 
thus the bone tissue is restored to its original physical and mechanical properties. However, 
bone healing is a complex process that can result in delayed healing, non-unions and 
structural abnormalities [71]. The fracture heals either directly (primary healing) or 
indirectly (secondary healing). Direct healing is rare and only occurs in the absence of gap 
formation and with stable fixation, mainly after surgery. On the other hand, indirect healing 
occurs when bone fragments are unstable and temporary callus from fibro-cartilaginous 
tissue is formed [71, 72].  
The fracture healing process consists of both endochondral and intramembranous 
ossification [71]. The fracture area can be divided into four zones: medullary canal, area 
between cortices, sub-periosteal area and surrounding soft tissue. Medullary canal and the 
area between cortices heal by endochondral ossification as it firstly creates the soft callus. 
The sub-periosteal area and surrounding soft tissue around the fracture site heals by 
intramembranous ossification and form hard callus [73]. Bone healing can be divided into 
distinct stages that occur after trauma and overlap with each other (Figure 5). These stages 
are initiated by the inflammatory stage followed by the repair stage and lastly the stage of 
hard callus remodeling occurrence [71, 72]. Weight bearing and motion can enhance healing 
but only to certain limits, otherwise the process of healing is altered [71].   
 
Figure 5: Bone healing: Inflammatory stage (A) – hematoma is formed by immune cells and bone 
marrow cells. Coagulation cascade is initiated and platelets release their granules. Granulation tissue 
formation (B) – MSCs and fibroblasts migrate to the fracture site, capillaries start to ingrow and the 
fibrin rich granulation tissue is formed. Callus formation (C) – MSCs firstly differentiate into 
chondroblasts and cartilaginous soft callus is formed. Chondroblasts undergo hypertrophy, therefore 
the soft callus is subsequently replaced by woven bone hard callus. Remodeling (D) – Woven bone 
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hard callus is replaced by lamellar bone during the orchestrated function of osteoclast resorbing the 
woven bone and osteoblasts laying the lamellar bone. Adapted from [74]. 
1.2.1 INFLAMMATORY STAGE 
The inflammatory stage is initiated by disrupted blood vessels in the trauma site. 
Coagulation forms the hematoma from immune cells and bone marrow cells, and at the 
same time the platelets de-granulate [71-73]. The rapid inflammation response is initially 
isolated from the rest of the tissues, as the trauma site is avascular, in order not to infect the 
rest of the body [75]. The same cascade that activates the hematoma formation activates the 
inflammatory cells as well [72]. The hematoma coagulates at the ends of the fracture 
preparing the template for callus formation. The migration of MSCs and fibroblasts from the 
surrounding tissue, e.g. bone marrow, periosteum and circulation, occurs. These cells, 
together with the capillaries, grow into the hematoma and produce fibrin rich granulation 
tissue [71]. All of these events are orchestrated by a number of produced cytokines and 
growth factors (GFs).  
Platelets present in the hematoma are a source of variety of GFs and at the fracture 
site they are activated either by sub-endothelial collagen or by tissue factor and thrombin 
[76]. Platelets mainly release TGF-β and platelet-derived growth factor (PDGF). These 
initiate MSCs migration and proliferation, induce angiogenesis by the stimulated secretion 
of VEGF by pericytes, and serve as chemotactic agents for inflammatory cells and help 
platelets to aggregate [75, 76]. Therefore, these GFs are important for the initiation of 
fracture repair. Furthermore, platelets release IGF-1 and -2 or EGF that stimulate MSCs and 
osteoblasts proliferation and differentiation [73]. In the 24 hours following the trauma, the 
secretion of pro-inflammatory molecules reaches its peak and declines within a week [71, 
72]. Moreover, neutrophils, and subsequently macrophages migrate to the fracture site 24-96 
hours after the injury. These cells serve as phagocytic cells in the debridement process that 
also prevents infection occurrence in the wound. Macrophages produce TNF-α, TGF-β, IL-
1, -6, -8, -12, TGF-β, PDGF, IGF-1 and nitric oxide [72]. At the same time BMPs are 
released from migrated MSCs and from the surrounding bone ECM [76].  
TNF-α is expressed by inflammatory cells (macrophages, monocytes and 
lymphocytes), it is a chemoattractant for the cell migration to the site of injury. 
Macrophages produce IL-1 that induces the production of IL-6 in the osteoblasts [71]. IL-6 
then stimulates VEGF and IL-17 production, angiogenesis and the differentiation of both 
osteoblasts and osteoclasts [71, 77, 78]. IL-1β has been shown to stimulate proliferation and 
mineralization in preosteoblasts but inhibit these processes in MSCs [79]. Moreover, 
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activated T-lymphocytes produce TGF-β, interferon-γ (IFN-γ), IL-4, -10 and -17 that inhibit 
osteoclastogenesis. IL-4 also serves as a chemoattractant for osteoblasts [72]. IL-17 
stimulates osteoblast maturation [78, 80]. IFN-γ induces the expression of inducible nitric 
oxide synthases that produce nitric oxide in macrophages [72]. 
The inflammation also induces the expression of cyclooxygenase-2 (COX-2). This 
enzyme, together with COX-1, is responsible for converting prostaglandins from 
arachidonic acid that is released by phospholipases from the membrane phospholipids. The 
COX-1 enzyme is expressed constitutively by many tissues. On the other hand, COX-2 is 
mainly expressed after pro-inflammatory stimuli [81]. The receptors for prostaglandins, G 
protein-coupled receptors, are expressed on MSCs, osteoblasts and osteoclasts. These 
receptors stimulate the production of cyclic adenosine monophosphate that activates 
signaling by protein kinase A [81, 82]. COX-2 together with PGE2, inhibits OPG secretion 
and stimulates RANKL and RANK expression; moreover IL-6 stimulates PGE2 production 
and prostaglandin receptor expression (specifically EP4 subtype) [82]. Therefore, a 
deficiency in COX-2 results in delayed fracture healing as the prostaglandins stimulate both 
bone formation as well as bone resorption [81, 83].  
Hypoxia, occurring after the bone fracture induction, is also responsible for the 
homing of MSCs to the fracture site. The homing is mediated by an increase in the 
expression of SDF-1 [71]. SDF-1 expression is regulated by the transcription factor 
hypoxia-inducible factor-1 (HIF-1) in endothelial cells, as a result of reduced oxygen 
tension [84].  
1.2.2 REPAIR STAGE 
Following the inflammation, intramembranous and endochondral ossification take place. 
The intramembranous ossification comprises of direct osteogenic differentiation of the 
osteoprogenitor cells which remain in the periosteum [85]. In general, the osteogenic 
differentiation of cells is directed by BMPs (mainly BMP-2, -4, -6, -7 and -9) [73] that are 
produced by MSCs and also further by inflammatory cytokines such as TNF-α, TGF-β, 
IFN-γ [85].  
During endochondral ossification, the cartilage is formed first. MSCs differentiate 
into chondroblasts that produce the cartilaginous ECM (mainly consisting of collagen type 
II). Cartilaginous ECM then replaces the fibrin rich granulation tissue [85, 86]. These events 
are triggered by TGF-β2 and –β3, FGF-1, IGF and BMP-2, -4, -5 and -6 [86]. The fracture 
is mechanically supported by the cartilage, the soft callus. Chondrocytes undergo 
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hypertrophy and the ECM becomes consistently preferential of collagen type X and 
undergoes calcification and invasion by blood vessels [85]. Hypertrophic chondrocytes are 
removed by chondroclasts and MSCs migrate to the sites of hypertrophy.  
Subsequent to the endochondral ossification, MSCs undergo osteogenic 
differentiation and form woven bone [85]. The woven bone hard callus formation occurs 
from peripheral callus where stability of the fracture is secured. The previous soft callus is 
removed as angiogenesis begins. This stage is also referred to as primary bone formation. In 
the places where no soft callus is formed, hard callus is formed by intramembranous 
ossification [86].  
The angiogenesis is an important event in the process of bone healing as the vessels 
maintain the oxygen homeostasis, enable recruitment of the cells and deliver the nutrients 
and ensure the removal of waste products. VEGF, produced by osteoblasts under the control 
of RunX2 transcription factor, is bound by the VEGF receptor 2 and angiopoietin 1 is bound 
by tunica internal endothelial cell kinase 2 (Tie2). Both receptors are expressed on the 
endothelial cells and they secure cell proliferation, angiogenesis, survival and endothelium 
integrity. Angiopoietins mainly regulates larger vessels and branching. The signaling can be 
negatively regulated by VEGF receptor 1 or by angiopoietin 2 [87]. In addition to these two 
factors, FGF-1 and -2, BMPs, TGF-β and cysteine-rich protein 61 also promote 
angiogenesis [86].  
The formation of woven bone is triggered by highly active osteoblasts. The presence 
of blood vessels is crucial as the osteogenic differentiation of osteoblasts is triggered by 
increased oxygen tension. The process of mineralization of hard callus ECM begins from 
the periphery, from the sites with the stability [86].   
1.2.3 REMODELING STAGE 
The remodeling stage is important for woven bone hard callus to be converted into original 
lamellar bone. This stage is also called secondary bone formation. The migrating 
osteoprogenitors most likely originate from bone marrow and periosteum and they migrate 
into forming hard callus [86]. Therefore, it is not mature osteoblasts but progenitors that 
migrate to the callus site [88]. The bone remodeling includes bone resorption, performed by 
osteoclasts, and then followed by lamellar bone formation, at the same time angiogenesis 




Platelets are anucleated, approximately 2-3 m in diameter small circulating cells. 
They are derived in bone marrow from giant precursor cells – mature megakaryocytes, in a 





platelets. Consequently each megakaryocyte undergoes apoptosis and is engulfed by 
macrophages [89, 91]. The apoptotic events, such as cytoskeletal reorganization, membrane 
condensation and ruffling, seem to be important for platelet production [92]. The main role 
of platelets is during the hemostasis, however platelets have a broad scale of other functions, 
e.g. the initiation of inflammation, angiogenesis or immune related functions. The platelets 
lifespan is 8-10 days. In human the average platelet concentration is 150-400 × 10
9
 per liter 
of blood [93, 94].  
Megakaryocytes are myeloid cells that can preferably be found in bone marrow. 
Megakaryopoiesis is a process of megakaryocyte maturation from hematopoietic stem cells 
[92]. Thrombopoietin (also named megakaryocyte growth or development factor) not only 
supports the maturation and fragmentation of megakaryocytes but also the proliferation and 
survival of hematopoietic stem cells; all carried out together with erythropoietin, IL-11 or 
stem cell factor [93]. During the megakaryocyte maturation the cells are enlarged, up to 100 
m in diameter, and filled with ribosomes which enable the production of platelet specific 
proteins. During maturation megakaryocytes pass several rounds of endomitosis to amplify 
their DNA which is regulated by thrombopoietin. Therefore, the mature megakaryocyte is a 
polyploid cell with DNA content in the range from 4N to 128N [92]. The last stage of 
megakaryocyte maturation is the thrombopoiesis.  
1.3.1 THROMBOPOIESIS 
The exact mechanism, how the platelets are released, has not yet been proposed. However, 
there are several theories including megakaryocytes fragmentation and proplatelet 
formation. 
FRAGMENTATION 
The formation of platelets by the process of fragmentation is an older theory compared to 
proplatelet formation. Megakaryocytes are extended towards the vasculature in the bone 
marrow, however the platelets are formed individually and do not form proplatelets. The 
surface of the megakaryocyte is increased and the cytoplasmic membrane, after 
internalization, forms together with membranes of Golgi apparatus and endoplasmic 
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reticulum, the demarcation membrane system. The demarcation membrane system defines 
the evolving platelets [95].  
PROPLATELET FORMATION 
The more recent theory suggests that megakaryocytes form proplatelets (Figure 6) [89, 91]. 
Proplatelets are formed as the megakaryocytes elongate towards the bone marrow where 
they access the vasculature under stimulation by thrombopoietin [89, 90]. Thrombopoietin is 
an acidic glycoprotein, responsible for thrombopoiesis. This hormone is produced in kidney 
and the liver, but also by bone marrow stromal cells. Megakaryocytes and platelets have c-
Mpl receptors for thrombopoietin. IL-6, FGF2 and PDGF increase the level of 
thrombopoietin, while platelet factor 4, thrombospondin and TGF-β decrease its level [93].  
During the process of proplatelet formation, the cytoskeleton is highly reorganized. 
Microtubules move to the cortex of megakaryocytes causing local bulging of the cytoplasm. 
As a consequence, pseudopodia emerge and further elongate and subsequently bend and re-
enter the formed shaft of proplatelets and then loop again. The goal of this repeated bending 
is to multiply the proplatelet ends that are formed from the majority of megakaryocytes 
cytoplasm. The process of bending is dependent on actin filaments [89, 91]. Finally, the 
proplatelets are fragmented and platelets are formed [93]. Along the microtubules there is a 
transport of organelles and granules specific for platelets. The appearance of this transport is 
necessary before the platelets are released from the proplatelets into the blood stream [92].  
 
Figure 6:  Platelet formation – During platelet formation the megakaryocyte elongates, forming 
proplatelets, which is stimulated by thrombopoietin (A). Due to enormous cytoskeleton 
reorganization the proplatelets are multiplied and fragmented, forming platelets. As a consequence, 
the majority of megakaryocyte’s cytoplasm is remodeled into the platelets and the remaining 
megakaryocyte undergoes apoptosis (B). Figure adapted from [92]. 
  
31 
1.3.2 PLATELET CONTENT 
Platelets are composed from cytoplasmic part and granules. Platelets evince a complex 
structure divided into four parts. The first zone is called the peripheral zone. It is composed 
from inert and extracellular membranes and is covered by glycocalyx [94]. There is an open 
canalicular system present, it is an internal membranous system that is responsible for the 
exchange of molecules, mainly in the phase of platelets activation [94, 96]. The platelet 
membrane is rich in glycoproteins and receptors that serve for adhesion and activation 
events [94]. 
 The second zone is the sol-gel zone. It is composed form actin cytoskeleton and 
microtubules beneath the peripheral zone. Microtubules preserve the discoid shape of 
platelets, while actin cytoskeleton acts in the change of the platelets shape during activation 
[94].  
The third zone is the membrane zone, consisting of an endomembrane system called 
a dense tubular system which stores calcium ions and enzymes, including adenylate 
synthase, which are necessary during the platelets activation [94, 96]. The membrane zone 
originates from the megakaryocyte endoplasmic reticulum. It is located near the 
microtubules. It is the location of thromboxane A2 synthesis by thromboxane synthase 
which is dependent on COX-1 function [96].  
In the center of the platelets is the organelle zone. It contains α-granules, dense 
granules (δ-granules) and cellular content such as lysosomes (λ-granules), which contain 
digestive enzymes and mitochondria necessary to maintain the platelets energy (Figure 7) 
[94, 96]. Dense granules are the smallest types of granules (92). They are non-proteins as 
they contain adenosine triphosphate, adenosine diphosphate (ADP), serotonin, and calcium 
ions [94]. However, the calcium ions in the dense granules are not mobilized for the platelet 
activation, but they interact with serotonin and adenine nucleotides [96].  
 
Figure 7: Platelet’s granules – Platelets within its organelle zone contain α-granules, dense 
granules (δ-granules), lysosomes (λ-granules) and mitochondria - all of these are necessary to 
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execute their function during the hemostasis,  initiation of inflammation or angiogenesis. Figure 
taken from [97]. 
α-GRANULES 
α-granules are the major type of granules within platelets. They are 200-400 nm spherical 
single membrane granules. α-granules are originally presented as small and immature in the 
megakaryocytes and they are enlarged together with megakaryocyte maturation. Some of 
the protein content is synthesized by megakaryocytes and some of the proteins are 
endocytosed from the plasma, either by megakaryocytes or by the platelets. The low 
concentration proteins such as albumins or immunoglobulins are endocytosed passively, and 
the rest by receptor mediated endocytosis [96].  
α-granules contain proteins necessary for providing platelets with important roles 
during inflammation, hemostasis, and wound healing [96]. As the platelets lack the nucleus, 
their proteome is stable with more than 5,000 different proteins [98]. For example α-
granules contain proteoglycans, adhesive proteins, coagulation factors, mitogens, 
chemokines, cytokines, angiogenic factors as well as anti-angiogenic factors or inhibitors of 
proteases [96, 99]. Proteoglycans secure the α-granules stability [96]. GFs contained in the 
α-granules are e.g. PDGF, VEGF, EGF, IGF, TGF-β, FGF, HGF or endothelial cell growth 
factor [96, 98, 100]. Among the adhesive proteins are von Willebrand factor, fibrinogen, 
fibronectin, thrombospondin, albumin [98, 99]. Protease inhibitors are plasminogen 
activator inhibitor 1, α1-protease inhibitor, the tissue factor pathway inhibitor, the platelet-
derived collagenase inhibitor and the platelet inhibitor of factor XI [96]. In the membrane 
guanosine triphosphate binding proteins important for the regulation of secretion are 
present. P-selectin, a major protein is further presented in the membrane along with 
vitronectin, osteonectin, a platelet endothelial cell adhesion molecule or glucose transporter 
GLUT3 [96].   
1.3.3 PLATELET ACTIVATION 
As mentioned in the chapter Bone healing, platelets are an important part of the 
inflammation stage occurring right after the bone fracture injury. The coagulation cascade is 
a series of steps including several enzymatic conversions. It is composed of three phases: 
initiation, amplification and propagation [101].  
INITIATION PHASE 
The initiation of the coagulation cascade begins with the exposure of damaged tissue to the 
blood. Tissue factor is a transmembrane glycoprotein expressed constitutively by 
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extravascular tissue mainly in the perivascular tissue [101]. Tissue factor forms an extrinsic 
tenase complex with factor VIIa which could be neutralized by the tissue factor pathway 
inhibitor [102]. The neutralization particularly occurs on free circulating complexes, 
therefore preventing initiation of coagulation from the places where no cells expressing 
tissue factor are present. The complex of tissue factor and factor VIIa activates zymogens - 
factor X and factor IX. Factor Xa then generates serine protease thrombin (factor IIa) from 
prothrombin (factor II) [101, 102]. Damaged tissue further exposes subendothelium 
collagens that bind to the receptors on the platelet surface and which then result in the 
activation of integrin αIIbβ3 that binds fibrinogen and α2β1 integrin that binds collagen [94, 
103].    
AMPLIFICATION PHASE 
The amplification phase is important for accelerated thrombin production. Factor XIa forms 
an intrinsic tenase complex with factor VIIIa, this increases the production of factor Xa. As 
a result more thrombins are activated. Thrombin then binds to its membrane receptor GpIb 
on platelets which interacts with protease-activated protein-1 which causes the 
degranulation of the α-granules, expression of membrane bound factor Va and activation of 
GIIb/IIIa receptor (receptor for fibrinogen) [101]. Following this, the platelets start to 
aggregate and negatively charged phosphatidylserine is exposed in the outer cell membrane. 
Thrombin further liberates factor VIIIa from the complex with von Willebrand factor and 
also activates additional factor XIa [101]. Platelets binds the exposed laminin, fibrin, 
collagen (receptors GPVI, α2β1 integrin), von Willebrand factor (receptor GpIb), thrombin, 
ADP and thromboxane A2, which activate other integrin receptors and initiate the 
remodeling of cytoskeleton, platelet activation and release of ADP and calcium ions (Figure 
8) [94, 104].  
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Figure 8: Platelet activation – Platelets circulate in the blood stream intact. However, the platelets 
are activated after the damaged tissue occurs. The exposure of platelets to the tissue factor or by sub-
endothelium laminin, fibrin and collagen, lead to the binding to the platelets surface receptors which 
result in the platelets activation. Activated platelets release their granules that among other proteins 
contain von Willebrand factor, thrombin, ADP and thromboxane A2 which further amplifies the 
activation. Released coagulation factors start the coagulation cascade that activates thrombin which 
initiates the fibrin clot formation. Figure adapted from [105].  
The rupture of the membrane is not necessary for the release of granules. During the 
release, the membrane integrity is maintained [94]. The myosin light chains, upon 
phosphorylation, direct the release of granules from the platelets through an open 
canalicular system or by the fusion of the granules with a plasma membrane [94, 100]. 
Thromboxane A2 is released during platelet activation and, after binding to its receptor on 
the platelet surface, it triggers further platelet activation. Calcium ions stored in a dense 
tubular system after mobilization, which is controlled by a sarcoplasmic endoplasmic 
reticulum calcium ATPase (SERCA), activates phospholipase A2, light myosin chain kinase 
and calpain, all of which are important for platelet activation. SERCA is coupled with 
plasma membrane calcium ATPase that is controlled by cyclic adenosine monophosphate 
(cAMP) level. When the cytosolic concentration of cAMP decreases it causes the liberation 
of calcium ions during the platelet activation [96]. Activated platelets express P-selectin on 
the surface, an adhesion molecule that interacts with P-selectin glycoprotein-1 on immune 




During the propagation phase it is important to recruit other platelets into the site of the 
injury and to specifically localize the platelets. This is secured by the production of 
thrombin, calcium and a specific phospholipid composition of the outer membrane. After 
sufficient amplification of platelets in the site of injury, thrombin generates fibrin from 
fibrinogen, therefore a fibrin clot is formed [101, 102]. Factor XIIIa then covalently 
crosslinks the fibrin monomers. Thrombin also activates a thrombin-activatable fibrinolysis 
inhibitor (TAFI) that serves as a regulator of fibrin clot formation. TAFI proteolytically 
excise lysine residues that serve for the binding of plasmin. Therefore, plasmin is unable to 
bind to the fibrin clot and proceeds to its lysis [101, 102].  
1.4 BONE TISSUE ENGINEERING  
Bone tissue engineering is a multidisciplinary field that is concerned with alternative 
strategies to the gold standard – use of bone autografts (from fibula, iliac crest or ribs), to 
restore the bone tissue after the injury. The bone has the capacity to self-regenerate, 
however the bone defects originated from tumor reconstructions, chronic infections, 
neoplasm, failed arthroplasty or trauma can exceed the critical size of the defect [44, 106]. 
The critical sized defect is defined as 2.5 times bigger than the bone radius. The 
spontaneous bone remodeling which results in the restoration of the original bone tissue 
does not occur during the critical size defect healing [44, 107].  
The negatives of using the bone autografts are mainly in the limited source, risk of 
morbidity accompanied by the scarce, pain, infection or hematoma in the donor site together 
with prolonged surgery time [44, 108]. Also, the size of the defect could be limiting while 
using autografts, as large autografts could be resorbed by the cells before osteogenesis is 
completed [108]. An alternative is the use of allografts, however they lack the cellular 
component and also carry the risk of disease transmission and possible infections, so these 
are disadvantages of this method [44, 106]. Therefore, alternatives to the use of auto- and 
allografts are being extensively researched.  
A suitable scaffold material, for bone tissue engineering should meet several 
criterions in order to aid the bone regeneration, e.g. controlled biodegradability allowing 
time for the deposit of ECM and replacement by new bone tissue, biocompatibility of the 
material and of the breakdown products, sufficient porosity with interconnected pores 
favoring cell migration, vascularization, diffusion of oxygen, nutrients and waste products, 
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proper mechanics, 3D nature, osteoconductivity, osteoconectivity and osteogenic capability 
[44, 106]. The scaffolding material could either be rigid or injectable. The host organisms 
should further provide responsive cells and a viable vascularized host bed [108].  
From the mechanical point of view, the proper scaffold should meet the criterion that 
is most similar to the original tissue. As the bone is a complex structure with a hierarchical 
arrangement, the mechanical properties of bone are made by each of its components. 
Important factors are its compressive and bending strength together with fracture toughness. 
The porosity of cortical bone is 10-30%, porosity of cancellous bone is 30-90% [55]. Also 
different bones should withstand different demands, e.g. ribs are involved in tensile stress 
while talus is under heavy compressive strength [55]. The ideal porosity of the scaffold is 
between 60%-90% and an average pore size of 100-400 m [106, 109]. Scaffold porosity is 
an important factor for bone tissue engineering but with porosity the mechanical properties 
of the material are decreased. Therefore, the balance between mechanical properties and 
porosity must be taken into account as mechanically relevant materials often fail in vivo due 
to insufficient vascularization [110].  
The development of an ideal bone tissue engineered scaffolds is, because of 
demanding requirements, very challenging. Also the manufacturing of the scaffold must be 
of a scalable manufacturing process [110]. Scaffolds can be divided into cellular or cell-free 
[108]. Cellular scaffolds require another operational procedure where cells are aspirated for 
the subsequent cell seeding. This must be done prior the scaffold implantation. Also during 
ex vivo expansion of aspirated cells unwanted phenotypic changes during the manipulation 
can occur [110]. Cellular scaffolds are extensively studied and the results are often positive, 
however in animals, the defect size is smaller and bone remodeling capacity is higher [111-
113]. Moreover, cells pre-seeded on the cellular scaffold can suffer, upon implantation, from 
cell death due to lack of vascularization in bigger bone defects [114]. Cell-free scaffolds on 
the other hand are meant to be placed in the defect site immediately after the injury. These 
scaffolds are often modified in order to deliver bioactive compounds into the defect site. 
These compounds then serve to induce migration, proliferation and differentiation in the 
migrating cells [115]. 
From the material point of view, metals, synthetic or natural polymers, and bioactive 
glass or ceramics are often tested for bone tissue engineering applications. However, each 




Metal implants such as stainless steel or titanium and its alloys are light, with good 
mechanical properties, however a high Young’s modulus means stress shielding and 
therefore it prevents osseointegration as mechanical stimulation of new bone tissue 
formation is limited [107]. The big disadvantage of the titanium alloys is that they are not 
biodegradable and also corrosion can result in the release of toxic ions that can cause 
inflammation. Titanium and its alloys inhibit cell proliferation. In view of these 
disadvantages, new modification approaches are being tested in order to improve the 
bioactivity of the metals [55].   
Surface adhesive properties could be improved by introducing TiO2 nanotubes by the 
process of anodic oxidation [116]. Improved biocompatibility or mechanics can be reached 
by combination of titanium with either nickel - the alloy is called nitinol (NiTi alloy) [117] 
or in a combination with aluminium and vanadium (TiAlV alloy), however negative effect 
on cell viability could be detected due to their release [118, 119]. Cobalt-chrome-
molybdenum alloys (CoCrMo alloy) were shown to possess biocompatible properties and 
induce a less inflammatory response compared to TiAlV alloy [119]. The incorporation of 
GFs or ECM proteins on the surface of the titanium alloy [120], hydroxyapatite coating 
[121] or use of porous titanium foam [122] can improve osteoinductivity and the ingrowth 
of new bone tissue. Biodegradable magnesium alloy was tested in vivo on a rabbit model 
[123]. In general, titanium alloys are preferred over stainless steel or cobalt scaffolds due to 
their better mechanical properties and biocompatibility. 
1.4.2 CERAMICS  
Ceramic scaffolds are excellent in terms of biocompatibility, osteoinductivity and 
osteoconductivity as the composition mimics bone tissue and provides the cells with good 
adhesive properties. Widely used options are hydroxyapatite (Ca10(PO4)6(OH)2) and related 
calcium phosphates (α- (α-triclacium phosphate (Ca3PO4) or β-tricalcium phosphate (β-
Ca3PO4) ceramic scaffolds) [55]. The ceramic scaffolds are prepared by mixing a calcium 
phosphate based powder with a liquid phase. The mechanics of ceramic scaffolds are 
superior to the polymers, however it is still not similar to the bone [55, 124]. The elasticity 
of the ceramics is very low and their surface is hard and brittle. As the ceramic scaffolds 
cannot sustain the mechanical loading, they are only approved for use in non-load bearing 
applications [110, 124]. The ceramics are relatively slow degrading materials that are 
degraded by phagocytosis or osteoclast related degradation. Between ceramic scaffolds 
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belongs also bioactive glass. The glass has good biocompatibility properties but low 
mechanics [125]. The dissolution of 45S5 Bioglass releases ions that induce a gene 
expression related to osteogenic differentiation [126]. Available commercial products are 
e.g. Novabone or PerioGlass [125, 127].  
In order to increase comprehensive strength, tricalcium phosphate can be doped with 
additives such as SiO2 or ZnO [128]. Examples of ceramic scaffolds approved for clinical 
use are products like ChronOS
TM
 Inject or Norian SRS [124].  
1.4.3 POLYMERS 
Polymeric scaffolds are of interest as they are controllable in terms of 
physiochemical characteristics, solubility and enzymatic reaction [55]. These materials are 
of good biocompatibility, biodegradability and can be manufactured in diverse shapes but 
the mechanical characteristic is weak [55, 110]. There are different methods for how to 
fabricate scaffolds from polymers. It could be done by e.g. 3D printing method [129] or by 
freeze drying technique [130]. Also other methods for production of polymeric fibrous 
scaffolds exist. Fibrous scaffolds are porous, have high surface to volume ratio which is 
advantageous for cell adhesion and adsorption of compounds to the fibrous surface. These 
scaffolds can be produced by centrifugal spinning (CS) [131], electrospinning (ES) [132], 
phase separation [133], electro-blowing [134] or self-assembly [135].  
Synthetic polymers such as saturated aliphatic polyesters, e.g. poly-lactic acid 
(PLA), poly-l-lactic acid (PLLA), poly-glycolic acid (PGA), PCL or their copolymers are 
more commonly used for tissue engineering applications [55]. Biodegradation occurs by 
water uptake with subsequent hydrolysis of ester bounds [125]. Hydrolysis of PLLA or PGA 
produces CO2 that acidifies the environment and can lead to necrosis [110]. Other polymers, 
such as poly hydroxyl butyrate, polyethylene or polypropylene are rapidly degraded in vivo 
and creates an acidic environment that can lead to inflammation processes [55].  
PCL was used in this thesis for the production of the scaffolds by the ES and CS 
methods. PCL is a widely used material and was reported to be tested for bone [136] 
cartilage [137] or cardiac [138] tissue engineering. PCL was approved by FDA for certain 
applications, e.g. in commercial product Monocryl (poliglecaprone 25) Suture [139]. PCL 
degrades within several months or years depending on the molecular weight or degree of 
crystallinity, that can be controlled during the manufacturing of the scaffold [140]. Products 
of PCL degradation are in vivo degraded in the Krebs cycle or by renal secretion [141]. 
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Natural polymers are derived either from proteins (e.g. collagen fibrinogen, gelatin 
or silk) or polysaccharides (e.g. glykosaminoglykans, cellulose, chitin, starch, alginate and 
hyaluronic acid derivatives) [55, 110]. Scaffolds derived from ECM are similar to the 
original tissue. Unlike autogenic ECM scaffolds, that conatin cellular components, allogenic 
ECM scaffolds must be decellularized [55]. These materials are biologically active and 
favor cell adhesion and proliferation. However, the reproducibility of natural polymers is 
questionable [110]. 
ELECTROSPINNING METHOD 
ES is a method which enables the production of fibrous scaffolds with fiber diameters 
ranging from nano- to micrometers, high surface to volume ratio and interconnected pores. 
The process involves the application of a high electrical field into the polymeric solution to 
the tip of the syringe needle (Figure 9A). An increasing electric field results in protruding 
the polymeric droplet until it becomes conical, creating a Taylor cone [142]. When the 
charge, accumulated on the surface of the droplet, overcomes the surface tension, the critical 
voltage is reached and an elongated polymeric jet flows towards a collector. During the 
elongation, the solvent is evaporated. On the collector the fibrous scaffold is deposited. 
Morphology of the scaffold can be modified by e.g. different types of collectors, distance 
between the collector and the polymeric droplet, humidity or polymeric solution [142].  
The ES method is a widely used technique for the production of fibrous scaffolds; 
however there are a few negatives e.g. the necessity of a high voltage electrical field, the 
variability in polymers conductivity, a low production rate or limits in the production of 3D 
scaffolds [143].  
CENTRIFUGAL SPINNING METHOD 
The CS method uses centrifugal forces to create fibrous scaffolds. During CS, the polymeric 
solution is placed into the rotation reservoir with small orifices that are connected to a 
rotational motor (Figure 9B). As the motor rotates at high speed, the centrifugal force 
applied to the polymeric solution induces the ejection of polymer jets through the orifices. 
Due to the rotation, the polymeric jets travel in a curly trajectory, and this stretching is 
important for the reduction of the polymeric jet diameter. During this time, the solvent 
evaporates. The polymeric jets are deposited on the collector placed around the reservoir. 
The whole process could be affected by the rotational speed, used solvent and its 
evaporation rate, collector type and radius or humidity [143].  
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Unlike ES, CS is a rapid technique with simple apparatus that does not require a high 
voltage field and is able to produce higher quantities of scaffolds. Moreover, the resulting 
meshes are porous with a 3D morphology [143]. 
 
Figure 9: Spinning methods –ES method (A): A high electric field is applied to the polymeric 
solution in the syringe pump. When the critical voltage is reached, the elongated fiber ejects from the 
polymeric droplet and is deposited on the collector. CS method (B): During CS, the centrifugal force 
is applied on the solution placed in the rotational reservoir with orifices. During the rotation, the 
polymeric jets are ejected from the orifices, elongated and afterwards deposited on the surrounding 
collector. Figure adapted from [142, 143]. 
MODIFICATION OF SPUN SCAFFOLDS 
Scaffolds prepared by spinning could be modified in different ways in order to deliver the 
susceptible bioactive compounds. One such approach is blend spinning where a mixed 
solution of bioactive compounds and polymer is spun (Figure 10A) [115]. If the mixed 
solution is prepared by sonication or homogenization, it is called emulsion spinning [144]. 
In the scaffolds prepared by blend or emulsion spinning, the compounds are distributed 
within the fibers. The negative of this approach is potential damage of the compounds 
during the mixing of the solution and possible loss of activity after contact with the polymer 
solution [115]. In order to protect the bioactive compounds, they can be encapsulated prior 
to mixing with the solution. For example TGF-β was protected from degradation by 
encapsulation into chitosan nanoparticles [145] or the use of pluronic copolymers protected 
the activity of protease K [146]. Typically blend spinning materials have an initial burst 
release, after which an almost linear release of compounds is obtained [147]. Additionally, 
the release kinetics depend on the polymer used for the scaffold preparation, e.g. PLGA is a 
quickly degrading polymer, while PCL is a slowly degraded polymer [115]. Blend 
centrifugal spinning have been used to incorporate VEGF [147], lysozyme [147], BMP-2 
[148], EGF [149], TGF-β [145] or osteogenic supplements (OS) (155). 
Coaxial spinning produces scaffolds with a core-shell fiber morphology (Figure 
10B). During this procedure, two solutions are spun coaxially at the same time. For 
example, during the ES procedure, the bioactive compounds within the inner solution are 
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protected from electrical charge degradation. During coaxial spinning the compounds are 
distributed homogenously inside the core of the fibers. There is also an initial burst release, 
however in lower concentrations as compared to blend spinning [115]. Scaffolds were 
prepared coaxially with encapsulated BMP-2 and IGF-1 [150], PDGF-bb [151] and BSA or 
lysozyme [152]. CS method was used in this thesis not only because it is a promising 
method but also because not many research was done in the field of production drug 
delivery CS fibrous systems.  
During physical adsorption, the bioactive compounds are attached via electrostatic 
interactions to the surface of the scaffold. A high surface to volume ratio, typical for spun 
scaffolds, makes physical adsorption effective compared to macro-structured scaffolds. 
Physical adsorption does not degrade the bioactive compounds, however the efficiency of a 
controlled long term release is limited [115]. EGF was for example conjugated to the 
scaffolds [153]. Alternatively, covalent immobilization serves to bind bioactive compounds 
to the surface of the scaffolds via chemical bounds [115]. In this case, the release of the 
compounds could be controlled for example by enzyme degradation, e.g. by MMPs [154]. 
However, this approach is complex and the surface properties could be changed during the 
covalent modification of the scaffold [115].  
 
Figure 10: Scaffold modifications - Blend ES procedure (A): During blend spinning the polymer 
solution is mixed with the bioactive compounds which is then spun. Coaxial ES procedure (B): 
During coaxial spinning two polymeric solutions are spun coaxially at the same time which results in 
the forming of fibers with core-shell morphology. The core of the fibers contain bioactive 
compounds. Figure adapted from [115]. 
1.4.4 COMPOSITES 
The bone is a composite material which consists from a hydroxyapatite and organic phase of 
ECM proteins. Compose scaffolds can combine more materials in order to profit from the 
advantages of individual materials [55]. A composite of PLGA with hydroxyapatite can 
overcome the limits of ceramic brittleness [155]. PLGA with titanium nanoparticles can lead 
to a reduction of the pH while PLGA is degraded [156]. Other investigated composed 
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scaffolds are e.g. hydroxyapatite and titanium [157, 158], calcium phosphate scaffold with 
collagen [159] or strontium together with hydroxyapatite and chitosan [160]. These 
composite features improved either the biocompatibility, osteointegration, osteoinductivity 
or osteoconductivity of the scaffolds.  
1.4.5 BIOACTIVE COMPOUNDS 
Scaffolds provide physical support to the cells in the defect site. Moreover, scaffolds could 
be modified, with suitable bioactive compounds, to produce drug delivery systems which 
provide morphogenetic signals to the surrounding tissue.  
GFs are extensively studied as bioactive compounds that induce different cell 
signaling pathways in combination with scaffolds [145, 147, 148, 150, 151]. However, large 
quantities of recombinant GFs are necessary which is expensive and there is also a limited 
stability of GFs [115]. Moreover, this raises safety concerns regarding the adverse effects of 
GFs used for clinical purposes [161]. Although, BMP-2 and -7 are approved for clinical use, 
this is only in combination with collagen scaffolds under the product names Infuse and OP-
1, respectively [162]. An alternative to GFs are short peptide sequences, derived from 
receptor binding sequences of GFs. An example being in a clinical trial, where a peptide 
derived from collagen type I was used, is called peptide P-15 [163]. Amino acid sequences 
derived from other ECM proteins are extensively studied, such as fibrinogen, fibronectin, 
BMP-2 and -7 [164-166]. Another approach is the delivery of gene encoding GFs; the 
transfection of targeted cells is important in order to produce GFs in the defect site [167]. In 
this thesis, alternatives to GFs such as platelets and osteogenic supplements 
(dexamethasone, β-glycerol phosphate and ascorbate-2-phosphate) were tested. 
PLATELETS 
Alternatives to the recombinant GFs are platelets as a natural source of GFs. Platelets store 
numerous GFs within its α-granules, cytokines and chemokines, which are important for the 
healing processes. During bone healing, the first stage is a characteristic for hematoma 
formation, platelets coagulate and activate, at the same time releasing their contents which 
are entrapped within the formed fibrin clot [76]. As the platelets could be used autologously 
from the blood aspirated preoperatively, the research in bioactive bone tissue engineered 
scaffold is centered on their usage. Alternative possibilities are available on platelet 
preparation for subsequent usage. They can be used e.g. as a platelet gel, platelet 
concentrate, platelet rich plasma (PRP), platelet lysate, concentrated GFs or Choukroun's 
platelet-rich fibrin (PRF) [168].  
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During PRP production, blood is collected in the presence of anticoagulants, e.g. 
citrate, phosphate and dextrose, to prevent coagulation. Then it is fractioned in the density 
cell separator to distinguish erythrocytes, platelet poor plasma and PRP (also called buffy 
coat) [168]. If the PRP is further concentrated, platelet concentrate is obtained which can be 
re-suspended either in the plasma or in saline solution. Platelet gel is produced by mixing 
the PRP with thrombin or CaCl2 in order to induce the activation of platelets [168]. PRF is 
produced in a similar way as PRP, however the procedure is without anticoagulants [169]. 
Platelet lysate is prepared from platelet concentrate by either repeating freeze thaw cycles, 
sonication or by detergent usage [170]. These platelet derivatives differ in terms of platelet 
activation state, presence of leukocytes, and in the bioactive compounds concentration 
between individuals.  
After coagulation, a fibrin clot is formed. Within this natural scaffolding material, 
released GFs are trapped and gradually released as the fibrin clot degrades, thus serving as a 
drug delivery system [171]. However, the fibrin clot is a quickly degrading material, 
therefore it is beneficial to combine it with a longer lasting scaffolding material. Rai et al. 
adsorbed PRP in the presence of thrombin and CaCl2 on the PCL-tricalcium phosphate 
scaffold and observed accelerated bone healing in vivo [172]. Sarkar et al. used collagen 
scaffolds loaded with PRP in vivo, however no enhanced bone formation was observed 
[173]. Chang et al. tested in vivo collagen/hydroxyapatite beads with weakly injecting PRP; 
they observed only fibrous tissue formation without injecting PRP [174]. Cerruti et al. 
performed a dental clinical study with bone graft mixed with MSCs, and PRP mixed with 
CaCl2 and thrombin, and observed an improved healing process due to the presence of 
MSCs [175]. The conflicting results in the efficiency of the platelet derivatives used can be 
caused by inter-individual differences between donor age, gender or physiological state 
[98]. However, soft tissue injuries, caused by sport activity, are often healed with re-
injections of PRP [176]. Moreover, the positive effect of platelets in vitro on cell 
proliferation and metabolic activity has been proven [177-179]. In addition, improved ALP 




Apart from GFs, other bioactive compounds tested for bone tissue engineering 
applications are osteogenic supplements. Between these supplements belong 
dexamethasone, β-glycerol phosphate, ascorbate-2-phosphate or 1,25-dihydroxyvitamin D 
(1,25(OH)2 D). These compounds are generally used for the in vitro induction of osteogenic 
differentiation of MSCs [5]. Unlike GFs, osteogenic supplements are longer lasting 
molecules with prolonged in vivo half-life [181]. Dexamethasone is a synthetic glucocorticoid 
that induces the transcription of bone sialoprotein or integrin α which leads to the RunX2 
dependent transcription activation. β-glycerol phosphate is a substrate for ALP. Ascorbate-2-
phosphate is a cofactor in the process of proline and lysine hydroxylation during collagen 
maturation. 1,25-dihydroxyvitamin D interacts with its receptor and, together with 
dexamethasone and BMP-2, induces expression of genes, such as ALP or osteocalcin, 
associated with osteogenic differentiation [5].  
The encapsulation of osteogenic supplements into diverse scaffold types was used in 
order to induce osteogenic differentiation. Shi et al. fused PLGA microsphere scaffolds loaded 
with dexamethasone, β-glycerol phosphate and ascorbate-2-phosphate and tested them in 
vitro on cultured MSCs. The results indicated an induced osteogenic activity of cells cultured on 
the scaffolds compared to the control group where solely dexamethasone was encapsulated 
[181]. Kim et al. incorporated dexamethasone and ascorbate-2-phosphate into a PLGA scaffold. 
The released osteogenic supplements induced in vitro mineralization of MSCs cultured on the 
scaffolds [182]. Subsequently they tested this scaffold in vivo and detected an enhanced 
mineralization [183]. Yoon et al. produced a PLGA scaffold with encapsulated dexamethasone 
and they detected a decrease in proliferation of lymphocytes and smooth muscle cells in vitro 
[184]. Martins et al. used the ES method to produce PCL scaffolds with encapsulated 
dexamethasone, and an increase in the osteogenic differentiation of in vitro cultured MSCs was 
detected [185]. These studies clearly proved the positive effects of released osteogenic 




2 AIMS OF THE THESIS  
The main aims of the PhD thesis are as follows: 
1. To verify that platelets as a natural source of growth factors and osteogenic supplements 
as compounds, are capable of inducing the osteogenic differentiation which could be 
combined with a fibrous scaffold in order to design cell-free scaffold for bone tissue 
engineering. 
2. The characterization of proposed drug delivery systems. 
3. The in vitro evaluation of drug delivery systems on the biological response of cells 
cultured on the scaffolds. 
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3 MATERIALS AND METHODS 
Tables 1, 2, 8, 9 and 11 are mentioned in Materials and methods section. These tables state 
the sample naming list and their characterization. However, these tables are located in the 
Results section in order to make easier the orientation during the reading of the results.  
3.1.1 CENTRIFUGAL SPINNING 
CENTRIFUGAL SPINNING OF PCL SCAFFOLD 
CS was performed on a machine Cyclone 1000 L/M Forcespinning® (Fiberio, McAllen, 
TX, USA) 40% (weight/volume; w/v) PCL (45,000 Da, Sigma Aldrich St. Louis, USA) was 
dissolved in a mixture of chloroform and ethanol solution. The volume ratio was 9:1. An 
orifice G30 was used at a rotation speed of 10,000 rpm (6,000 × g) to prepare the 
nanofibrous scaffolds. Collector distance was 10 cm and static voltage used was of 48 V. 
The nanofibers were deposited on a spunbond textile with vacuum-assisted deposition. 
EMULSION CENTRIFUGAL SPINNING  
The general approach for emulsion CS technology is based on a double emulsification 
procedure. Firstly, 30% (w/v) Pluronic F-68 (PF-68, Sigma-Aldrich) is dissolved in 90% 
ethanol and mixed with protein, that should be encapsulated, dissolved in 50% ethanol and 
pure ethanol to achieve solutions of 0, 5, 10 or 20% PF-68 and encapsulated protein in 70% 
ethanol. The emulsification process was executed by dropwise mixing of the components 
with subsequent sonification. The emulsion of PF-68 with proteins was afterwards 
emulsified with 50% PCL (45,000 Da, Sigma-Aldrich, St. Louis, USA) dissolved in 
chloroform to obtain 40% PCL dissolved in chloroform : ethanol in the ration of 4:1. The 
ethanol phase was added drop-wise under stirring. The prepared emulsion was then 
processed by CS on Cyclone 1000 L/M Forcespinning® device using G30 orifice at 11,000 
rpm and collector distance 10 cm and static voltage of 48 V. The nanofibers were deposited 
on a spunbond textile with vacuum-assisted deposition. 
To evaluate the bioactivity of encapsulated compounds, we prepared scaffolds as 
described previously that contained 300 µg ml
-1
 of horseradish peroxidase (HRP) in the core 
of the nanofibers. Prepared were scaffolds containing 0% PF-68 and HRP dispersed in 40% 
PCL (0%PF-HRP), 5% PF-68 and HRP dispersed in 40% PCL (5% PF-HRP), 10% PF-68 
and HRP dispersed in 40% PCL (10%PF-HRP), 20% PF-68 and HRP dispersed in 40% 
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PCL (20%PF-HRP). The control sample was prepared by directly dissolving the 
corresponding HRP in 40% PCL solution (PCL blend HRP) (Table 8).  
To prepare the nanofibers with encapsulated platelet lyophilisates, scaffolds were 
prepared as described previously and contained 2 mg mL
-1
 of platelet lyophilisates in the 
core of the nanofibers. Prepared were scaffolds containing 0% PF-68 and platelet 
lyophilisate dispersed in 40% PCL (0%PF-LYO), 5% PF-68 and platelet lyophilisate 
dispersed in 40% PCL (5% PF-LYO), 10% PF-68 and platelet lyophilisate dispersed in 40% 
PCL (10%PF-LYO), 20% PF-68 and platelet lyophilisate dispersed in 40% PCL (20%PF-
LYO). The control sample was prepared by directly dissolving the corresponding amount of 
platelet lyophilisate in 40% PCL solution (PCL blend LYO) (Table 9).  
CENTRIFUGAL SPINNING OF SCAFFOLDS WITH ENCAPSULATED OSTEOGENIC SUPPLEMENTS 
Nanofibrous scaffolds with encapsulated osteogenic supplements were prepared as follows. 
13% w/v PCL (molecular weight 8,0000 Da, Sigma Aldrich, St. Louis, USA) and 16% w/v 
PCL (molecular weight 45,000 Da) were dissolved in a mixture of acetic acid and formic 
acid in the volume ratio of 1:1 (v/v). This solution was afterwards blended with osteogenic 
supplements (namely β-glycerol phosphate, dexamethasone and ascorbate-2-phosphate). 
Scaffolds with 4 different concentrations of osteogenic supplements were prepared: once 
concentrated osteogenic supplements (OS1), two times concentrated (OS2), five times 
concentrated (OS5) and ten times concentrated (OS10) (Table 11). Plain PCL fibers were 
used for control samples (CGM, COM). The spinning conditions for all groups were 
constant to evaluate the effect of polymeric blend properties on scaffold performance. The 
nanofibers were processed using a CS device Cyclone 1000 L/M Forcespinnig device at 
10,000 rpm using a G30 orifice, collector distance 10 cm and static voltage of 48 V. 
Nanofibres were deposited on a spunbond textile with vacuum-assisted deposition. 
3.1.2 ELECTROSPINNING METHOD 
ES was performed using 24% (w/v) PCL (45,000 Da, Sigma Aldrich St. Louis, USA) that 
was dissolved in a mixture of chloroform and ethanol solution, volume ratio 9:1. The ES 
was performed using a needleless wire electrode on Nanospider NS500 (Elmarco, Czech 
Republic) at a potential difference of 50 kV. Distance of the collector was 2o cm. The 




3.1.3 CHARACTERIZATION OF FIBROUS SCAFFOLDS 
SCANNING ELECTRON MICROSCOPY 
The prepared scaffolds were visualized using SEM. The samples were coated with thin layer 
of platinum using a Quorum 150R S Device (3 cycles, Quorum Technologies, Lewes, UK) 
or using a Quorum SC7620 device (1 cycle, Quorum Technologies, Lewes, UK). 
Subsequently SEM (Vega 3, Tescan, Brno, CZ or Phenom G5 Pure, Eindhoven, 
Netherlands) was used to visualize the samples. The acceleration voltage for the samples 
ranged from 5 KV to 15 kV. The analysis of the images was done using the ImageJ 
program. 
FTIR-ATR SPECTROSCOPY 
Fourier Transform Infrared-Attenuated Total Reflectance (FTIR-ATR) spectroscopy was 
used to for the analysis of the chemical composition of produced scaffolds in order to 
evaluate the encapsulation of osteogenic supplements within the fibers. Plain PCL scaffolds 
and PCL scaffolds with encapsulated osteogenic supplements were pelleted on a manual 
press. The pellets were further analyzed using FTIR-ATR (IRAffinity-1, Shimazu with ZnS 
ATR). The measurement was performed with Happ-Ganzel apodization, at a resolution of 8 
cm
-1
 and 20 scans per spectrum. 
3.1.4 DRUG RELEASE STUDIES ON MODEL OF HORSERADISH PEROXIDASE  
The HRP activity, after the release on day 1 from the fibers, was measured colorimetrically 
using tetramethylbenzidine assay (TMB, Sigma Aldrich) with tetramethylbenzidine as the 
substrate. The reaction of enzyme-substrate was after 30 s terminated with 50 ml of 2 N 
H2SO4. The HRP activity was measured on a fluorescence reader (Biotec, Synergy HT) at 
450 nm. The enzyme activity was calculated as a percent ratio of active enzyme 
concentration measured by the tetramethylbenzidine assay and enzyme concentration 
measured by the Quant IT Protein Assay (Life Technologies, Carlsbad, CA, USA). 
3.1.5 CHARACTERIZATION OF PHOSPHATE RELEASE   
In order to quantify the release of β-glycerol phosphate and ascorbate-2-phosphate from the 
prepared scaffolds, the phosphate was quantified using ammonium molybdate. The samples 
with a size of 1 cm
2 
were placed in an Eppendorf tube. Subsequently 1 mL of tris-buffered 
saline was added to each sample. On the day of measurement, the supernatant was collected 
and immediately frozen until the analysis was performed. Then 1 mL of tris-buffered saline 
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was added to the samples until the next experimental day. For the analysis, the samples were 
dissolved in chloroform and re-suspended in tris-buffered saline. The samples were placed 
into Eppendorf tubes with 0.25 mL of 2.5% ammonium molybdate solution followed by 
addition of 0.25 mL of 10% ascorbic acid solution. The samples were mixed thoroughly and 
heated for 5 min in a bath with boiling water. After that, the samples were cooled down for 
5 min in a cold-water bath. Afterwards the optical density was measured using a Synergy 
H1 microplate reader at 820 nm. Parallel determinations of the blank values of the reagent 
solution and a standard preparation were made.  
3.1.6 PREPARATION OF PLATELET SOLUTION 
Fresh human leukocyte-depleted platelets derived from buffy coat in additive solution were 
obtained from the Transfusion Station at Šumperk hospital. The bags contained platelets 
from 4 donors. According to the Czech legislation of blood transfusion, related to the time 
the experiments were proceeding, blood products that are not used for therapy could be used 
for scientific purposes. Thus, approval from an ethics committee was not required. All 
donors signed an informed agreement about using their blood for scientific purposes. Two 
different bags were used, the bags contained either 900 × 10
9
 platelets/L or 968× 10
9
 
platelets/L. Platelets were centrifuged at 120 × g for 7 min for sedimentation of residual 
erythrocytes. Afterwards, the supernatant was transferred into a new tube and centrifuged at 
2200 × g for 10 min in order to retrieve the pellet of platelets. The pellet was resuspended in 
Platelet Additive Solution SSP+ (Macopharma, Tourcoing, France). The platelets were 
further diluted to required concentrations in SSP solution: 3,000 × 10
9
/L (P1), 900 × 10
9
/L 
(P2), 300 × 10
9
/L (P3), 100 × 10
9
/L (P4) and 30 × 10
9
/L (P5) (Table 1Table 1 and Table 2). 
3.1.7 PREPARATION OF PLATELET LYOPHILISATE 
Fresh human leukocyte-depleted platelets derived from buffy coat in additive solution were 
obtained from the Transfusion Station at Šumperk hospital. The bag contained blood of 16 
donors, the platelet concentration in the bag was 1020 × 10
9
 platelets/L. By the freeze/thaw 
method the platelet lysate was prepared. First, the whole bag was frozen at -80
°
C and then 
thawed at 37
°
C, the whole procedure was three times repeated in order to disrupt the cellular 
membranes. The solution was centrifuged at 4100 × g for 15 min to remove the cellular 
debris. Afterwards, the lysate was lyophilized for 24 h under 480 mT (VirTis BenchTop Pro 






3.1.8 QUANTIFICATION OF SELECTED MOLECULES RELEASED FROM PLATELETS 
To quantify the concentrations of cytokines, chemokines and GFs contained in the platelets, 
a Bio-Plex 200 Multiplex System (Bio-Rad Laboratories, Hercules, CA, USA) and enzyme-
linked immunosorbent assay (ELISA, DuoSet®; R&D Systems, Minneapolis, MN, USA) 
were used. Platelets at a concentration of 900 × 10
9
/L were lysed using 3 freeze/thaw cycles 
(−80°C and 37°C) and then centrifuged at 3422 × g for 10 min to rid of the cell membranes.  
To analyze the cytokine content of the platelet lysate, commercially available 
cytokine panel (Bio-Plex ProTM Human Cytokine 27-plex Assay; Bio-Rad Laboratories) 
was used according to the instructions. The assay allows multiple cytokines quantification 
simultaneously in 1 well. The platelet lysate was incubated with a set of color-coded 
magnetic beads, each of them conjugated with an antibody directed against a specific 
mediator. Biotinylated detection antibody was added to bind to streptavidin–phycoerythrin. 
The unbound protein was removed by thorough washing series that were performed between 
each step by an automatic wash station (Bio-Plex ProTM II). The data were analyzed using 
a BioPlex 200 instrument fitted with BioManager analysis software (5-parameter curve 
fitting).  
To observe the distribution of GFs released from platelets, a sandwich ELISA was 
used. GFs were determined in accordance with the guidelines (Peprotech, Rocky Hill, NJ, 
USA or DuoSet). 
3.1.9 RELEASE OF PROTEINS  
RELEASE OF PROTEINS FROM PLATELETS ADHERED ON FIBERS 
To quantify the released proteins from platelets, overall protein quantification by the 
QuantIT Protein assay was performed. Scaffolds of 11 mm diameter were punched out of 
the produced nanofibrous layers. The scaffolds, functionalized with different concentrations 
of platelets, were incubated in 500 μL of phosphate buffered saline (PBS) at 37°C. On the 
day of analysis, the PBS was collected, stored at -20°C until the day of analysis and fresh 
500 μL PBS was added again to the same samples. On the day of analysis, 10 μL of the 
sample was mixed with 200 μL of fluorescent probe from the QuantIT Protein assay. The 
fluorescence intensity was measured using a fluorescence reader (Synergy HT; Biotek, 
Winooski, VT, USA) at λex=470 nm and λem=570 nm. 
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RELEASE OF OVERALL PROTEINS FROM CORE OF THE FIBERS 
In order to determine the release of proteins from the fibers, the samples were cut into 
pieces (~50 mg). 1 mL of TBS buffer was added to each sample and incubated at room 
temperature. At given time points, the TBS buffer was collected and replaced with fresh 
TBS. Fluorescent Quant-IT Protein Assay Kit was used, as described previously, to 
determine the release of HRP or platelet lyophilisate from the fibers. 
3.1.10 QUANTIFICATION OF THROMBOSPONDIN  
In order to determine the release profile of GFs from the platelet functionalized samples, the 
thrombospondin was used as a model drug. Scaffolds of 11 mm diameter were punched out 
of the produced nanofibrous layers. The scaffolds, functionalized with different 
concentrations of platelets, were incubated in 500 μL of PBS. At given time points, the PBS 
buffer was collected and replaced with fresh PBS and the samples were stored at −20°C 
until the day of analysis. The thrombospondin quantification was performed using the 
ELISA in accordance with the protocol (DuoSet). 
3.1.11 CELL SEEDING 
EXPERIMENTS WITH PLATELET ADHESION 
Prior to cell seeding, PCL nanofibers were cut into round patches of 6 mm in diameter. The 
scaffolds were sterilized by ethylene oxide at 37°C, The Military University Hospital 
Prague. Scaffold were put into 96 well plate and were seeded with either 10 ×10
3
 MG-63 
cells (Cell Lines Service GmbH, Eppelheim, Germany) in 30 μL of culture medium that 
consisted of Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 2% fetal 
bovine serum (FBS) and 1% penicillin/streptomycin. Alternatively, the scaffolds were 
seeded with 25 × 10
3
 hMSC (human bone marrow derived MSCs; ScienCell, San Diego, 
California, USA) in 30 μL of medium. The samples seeded with hMSCs were cultured 
either in a growth medium or in a growth medium supplemented with osteogenic 
supplements. Growth medium consisted of a Minimum Essential Medium (MEM α 
medium), 5% FBS and 1% penicillin/streptomycin. Growth medium supplemented with 
osteogenic supplements was enriched with 10 mM β-glycerol phosphate, 100 nM 
dexamethasone and 40 µg mL
-1 
ascorbate-2-phosphate. 
Cells were let to adhere to the surface of the scaffolds for 2 hours. Subsequently, 20 
μL of platelet solution in different concentrations was added and let to adhere for 1 hour. 
Finally, 250 μL of appropriate culture medium was added. Culture medium was not changed 
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during the experiment to avoid loss of released compounds from platelets after their 
activation. 
Six different samples were prepared: five groups with different platelets 
concentrations adhered on PCL scaffolds (P1–P5), and PCL scaffold without platelets as a 
control sample (PCL) (Table 1 and Table 2). Scaffolds with adhered platelets in different 
concentrations (P1–P5) without cells were used as controls. The results from these samples 
were used as a control to the platelets interaction with the methods used in this experiment 
and were deducted from the values measured on the samples seeded with cells.  
EXPERIMENT WITH EMULSION CS OF PLATELETS LYOPHILISATE 
Prior to cell seeding, PCL nanofibers were cut into round patches of 6 mm in diameter. The 
scaffolds were sterilized by ethylene oxide. Scaffolds were placed in the 96 well plate and 
seeded with 10 × 10
3
 MG-63 cells (Cell Lines Service GmbH, Germany). Cells were let to 
adhere to the surface of the scaffolds for 2 hours in 30 mL of culture media that consisted of 
DMEM supplemented with 2% FBS and 1% Penicillin/Streptomycin. Afterwards, medium 
was added to the total volume of 300 µL per well. Culture medium was not changed during 
the experiment to avoid loss of released compounds from platelets after their activation. 
Three different scaffolds were used for in vitro evaluation. Two different concentrations of 
encapsulated lyophilizate were tested and plain PCL scaffold was used as a control group 
(Table 9).  
EXPERIMENT WITH ENCAPSULATED OSTEOGENIC SUPPLEMENTS 
Prior to cell seeding, PCL nanofibers were cut into round patches of 6 mm in diameter. The 
scaffolds were sterilized by ethylene oxide. Scaffolds were placed in the 96 well plate and 
seeded either with 25 × 10
3
 hMSCs or with 10 × 10
3
 Saos2 osteosarcoma cell line (Cell line 
service, Germany). Scaffolds with encapsulated different concentrations of osteogenic 
supplements seeded with hMSCs were cultivated in growth medium consisted of MEM α 
medium supplemented with 10% FBS and 1% Penicillin/Streptomycin, those seeded with 
Saos2 cells were cultivated in medium that consisted of McCoy's 5A Medium supplemented 
with 15% FBS and 1% Penicillin/Streptomycin. Two types of controls were used; plain PCL 
scaffolds cultivated in growth medium (CGM) and plain PCL fibers cultivated in Growth 
medium supplemented with osteogenic supplements was enriched with 10 mM β-glycerol 
phosphate, 100 nM dexamethasone and 40 µg mL
-1 
ascorbate-2-phosphate (COM), see 
Table 11. Half of the culture medium was changed on days 7 and 14. Minimal changing of 
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medium was performed in order not to wash out the osteogenic supplements released from 
the scaffolds to the culture medium. 
3.1.12 METABOLIC ACTIVITY MEASUREMENT 
Cells metabolic activity was measured using an MTS assay (CellTiter 96® AQueous One 
Solution Cell Proliferation Assay; Promega, Madison, WI, USA). On specific time points, 
the scaffolds were put into new clean well. 20 µL of 3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium) (MTS solution) together with 
100 μL of the medium was added to each well with the scaffold and incubated for 2 hours at 
37°C. Afterwards, 100 μL of the solution was transferred to a new clean well and the 
absorbance was measured using a microplate reader Synergy HT at 490 nm. The 
background absorbance measured at 690 nm together with the absorbance of the medium 
without cells were subtracted from the measured absorbance. 
3.1.13 QUANTIFICATION OF DNA AMOUNT 
Cells proliferation was determined from the amount of deoxyribonucleic acid (DNA) using 
Quant-iT™ dsDNA Assay Kit (Life Technologies, Carlsbad, CA, USA). The scaffolds 
seeded with cells, after the MTS measurement, were placed in 200 μL of cell lysis solution 
(0.2% v/v Triton X-100, 10mM Tris (pH 7.0), and 1mM EDTA) and frozen. Samples were 
further processed threw 3 freeze/thaw cycles with vortexing performed between each cycle. 
Subsequently 10 μL of each of the samples was mixed with 200 μL of the buffer with 
fluorescent PicoGreen probe and measured using a multiplate fluorescence reader Synergy 
HT with λex=485 nm and λem=525 nm. 
3.1.14 DETECTION OF ALKALINE PHOSPHATASE ACTIVITY 
ALP activity was detected using a 1-Step™ PNPP kit (Thermo Scientific, Waltham, MA 
USA). The scaffolds were transferred into new clean well and 100 μL of p-Nitrophenyl 
Phosphate (PNPP) was added to each well and incubated for 10 min. Afterwards, the 
reaction was stopped by adding 50 μL of 2 N NaOH. Subsequently, 100 μL of the solution 
was transferred into new clean well. The absorbance at 405 nm was measured using a 
microplate reader Synergy HT. The absorbance of the solution incubated with the scaffolds 
without cells was subtracted from the measured absorbance. 
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3.1.15 VISUALIZATION OF CELL ADHESION ON SCAFFOLDS  
CONFOCAL MICROSCOPY 
Cell distribution on the scaffolds was visualized using the confocal microscopy. The cells 
were stained using 3,3′-diethyloxacarbocyanine iodide (DiOC6(3), D273, Invitrogen, 
Molecular Probes) and propidium iodide (Sigma Aldrich, Germany). First, scaffolds were 
fixed with frozen methanol (−20°C) for 10 min and then incubated with DiOC6(3) at 
concentration of 1 μg mL
-1
 in PBS (pH 7.4) for 45 min at room temperature. Afterwards, the 
samples were incubated with propidium iodide at concentration of 5 μg mL
-1
 in PBS for 10 
min. The samples were scanned using a ZEISS LSM 5 DUO confocal microscope 
(propidium iodide: λex=561 nm, λem=630–700 nm and DiOC6(3): λex=488 nm, λem=505–
550 nm). 
SCANNING ELECTRON MICROSCOPY 
The cells morphology or formed fibrin mesh, after platelets adhesion, were visualized using 
SEM (Vega 3 Tescan). First, scaffolds were washed in PBS and fixed in 2.5% 
glutaraldehyde for 2 hours at 4
o
C. Afterwards, the scaffolds were dehydrated in ethanol 
ranging from 35–100%. In order to dry the scaffolds hexamethyldisilazane (Sigma-Aldrich) 
was added. Scaffolds were coated with platinum and analyzed using the SEM as described 
previously (Chapter 3.1.3). 
3.1.16 RNA ISOLATION AND QPCR ANALYSIS 
The total ribonucleic acid (RNA) was isolated using a Qiagen RNeasy Mini Kit (Qiagen, 
Hilden, Germany) in accordance with the manufacturer’s protocol. Reverse transcription 
was executed using a RevertAid H Minus First Strand cDNA Synthesis Kit (Thermo 
Scientific, Waltham, MA, USA). Level of transcripts was evaluated using quantitative 
polymerase chain reaction (qPCR). qPCR was performed using the Light Cycler 480 II real-
time PCR system (Roche, Basel, Switzerland) with TaqMan Master Mix and TaqMan 
probes (Thermo Scientific, Waltham, MA USA) according to the manufacturer’s protocols. 
The analyzed genes were: RunX2 (86 bp, RUNX2, Hs01047973_m1, Thermo Scientific), 
osteocalcin (138 bp, BGLAP Hs01587814_g1, Thermo Scientific), collagen type I (66 bp, 
COL1A1 Hs00164004_m1, Thermo Scientific) and eukaryotic elongation factor (EEF1 
Hs00265885_g1, Thermo Scientific). The thermo cycling parameters were 95
°
C for 10 min; 
95
°
C for 10 s, 60
°
C for 10 s (45 cycles); and 40
°
C for 1 min. All samples were scale bard 
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relative to the median of the EEF1 expression level, an endogenous control gene. Gene 
expression data were analyzed using the relative quantification 2
(-ΔCt)
 method. 
3.1.17 INDIRECT IMMUNOFLUORESCENCE STAINING 
To detect osteocalcin, indirect immunofluorescence staining was performed. Samples were 
fixed with frozen methanol (-20
o
C) for 10 min and washed with PBS. Afterwards, incubated 
in 3% FBS in PBS/0.1% Triton X-100 for 30 min at room temperature.  Subsequently, 
primary monoclonal antibody against osteocalcin (either Rabbit anti-osteocalcin IgG, 
Peninsula Laboratories, dilution 1:20, San Carlos, CA USA or OCG3, Abcam, Cambridge, 
UK, dilution 1:20) was incubated overnight at 2–8
o
C with the samples. After three washes 
with PBS/0.05% Tween 20, the samples were further incubated with secondary antibody 
Alexa Fluor 488 (either Alexa Fluor 488 conjugated anti-rabbit antibody or Alexa Fluor 488 
conjugated anti-mouse antibody) at a dilution of 1:300 for 45 min. Subsequently, a solution 
of propidium iodide was added for 5 min to visualize cell nuclei (5 µg mL
-1
 in PBS). After 
that, the samples were washed three times with PBS/0.05% Tween 20. A confocal 
microscope ZEISS LSM 5 DUO was used to detect the present osteocalcin with Alexa Fluor 
488: λex=488 nm, λem=505–550 nm and propidium iodide: λex=561 nm, λex=630–700 nm. 
3.1.18 STATISTICAL ANALYSIS 
Quantitative data are presented as mean values ± standard deviation (SD). The 
averaged values were determined from at least 3 independently prepared samples. The data 
were statistically evaluated using SigmaStat (SigmaStat 12.0, Systat). The normality of the 
data was tested by Kolmogorov-Smirnov test. The equality of variances was tested using 
Levene’s test. If the data passed the normality test and the test of equality of variances, 
statistical significance between a pair of groups was determined by ANOVA test and 
Tukey’s comparative test for post-hoc analysis. If the data were without normal distribution, 
statistical significance between a pair of groups was determined using Kruskal-Wallis test 
and Dunn’s multiple comparisons test for post hoc analysis. All results were considered 





The results section is divided into three parts according to the experimental design. Firstly, 
the effect of platelets adhered on the PCL scaffold was evaluated. Next, we encapsulated the 
lyophilized platelet lysate (lyophilisate) in the core of the PCL nanofibers. The third 
experimental trial was the encapsulation of osteogenic supplements in the core of PCL 
nanofibers. The design was settled in order to design a bioactive cell-free scaffold with drug 
a delivery system suitable for bone tissue engineering.  
Each step in the design of the cell-free scaffolds was tested in vitro with the aim 
being to either support superior cell adhesion and viability together with cell proliferation, 
or promote osteogenic differentiation of the cells. We used standard cell models for bone 
tissue engineering: cell lines such as MG-63 and Saos2 osteosarcoma cell line and also 
primary hMSCs derived from bone marrow. Osteosarcoma cell lines are osteoblasts where 
alteration in the production of osteogenic markers can be monitored. hMSCs are primary 
cells that are tested in order to follow the induction of osteogenic differentiation. These cells 
were chosen to accurately test the potential of designed scaffolds to induce osteogenic 
differentiation, superior cell adhesion and fostered proliferation.  
In in vitro conditions, the cells are generally cultured on cultivation plastic that is 
intended for cell cultures and therefore supports cell adhesion and proliferation. However, 
for our research the controls are plain PCL scaffolds with no modification, only the culture 
conditions are modified in order to introduce negative or positive controls.  
4.1 PLATELET ACTIVATION EXPERIMENT 
Ideal cell-free scaffold for tissue engineering should not only serve as a filling material that 
is meant to support the adhesion of migrating cells. The scaffold should also have the ability 
to actively induce the migration of the surrounding cells that take part in the healing process, 
resulting in a shorter and more effective healing process. Platelets, that could be used 
autologously, are an ideal source of natural GFs stored in the α-granules. Among the GFs, 
anti- and pro-inflammatory cytokines and chemokines are also present. 
In this set of experiments the effect of bioactive compounds, released from platelets 
after their activation, was studied. The activation of platelets was induced by the adhesion 
on the PCL scaffold, prepared by the CS method. The process of activation causes the 
content of the platelets to release and a fibrin net is formed. Subsequently, the bioactive 
compounds are trapped within this net. As the PCL scaffold is used as a support for the 
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deposited fibrin net, the GFs, cytokines and chemokines are stored in the net and available 
to be gradually released, therefore, prolonging their bioavailability and the overall effect on 
the healing process.  
Furthermore, differently prepared PCL scaffolds were tested with hMSCs. Scaffolds 
prepared by ES method are more planar. In contrast, the CS method produces 3D porous 
fluffy-like structures with bigger pores that promote cell migration deeper into the scaffolds, 
thus allowing proliferation of the cells. Moreover, differently prepared scaffolds affect the 
adhesion of platelets and therefore the release kinetics of bioactive compounds is altered.   
Different concentrations of platelets (see Table 1 and Table 2) were tested in order to 
optimize the optimal platelet concentration regarding the influence on adhesion, metabolic 
activity, proliferation, and ALP activity of cultured cells. In order to accurately test the 
influence of released proteins from platelets, cells were cultured in only 2% FBS (MG-63 
cells) or 5% FBS (hMSCs) instead of the generally used 5% or 10% FBS, respectively. 
Furthermore, the culture media was not changed for the whole experiment in order not to 
aspirate released bioactive compounds. The model of MG-63 osteosarcoma cell line and 
primary hMSCs were used to confirm the overall effect.   
 
Table 1: MG-63 osteosarcoma cell line was tested in the presence of five different platelet’s 
concentrations. Platelets were adhered on the CS PCL scaffold. Control group was plain PCL 
scaffold with no platelets. Abbreviation: CS, centrifugal spinning. 
Sample Scaffold 
type 
Cell type Media Platelet concentration 
[platelets/L] 
CSP1 CS MG-63 Growth 3,000 × 10
9 
CSP2 CS MG-63 Growth 900 × 10
9
 
CSP3 CS MG-63 Growth 300 × 10
9
 
CSP4 CS MG-63 Growth 100 × 10
9
 
CSP5 CS MG-63 Growth 30 × 10
9
 




Table 2: hMSCs were, unlike MG-63 cells, cultured on two different types of PCL scaffolds, either 
CS or ES scaffolds. Platelets of five different concentrations were adhered on these scaffolds. 
Moreover, two different types of media were used – growth medium and growth medium with 
osteogenic supplements (namely 10 mM β-glycerol phosphate, 40 µg mL
-1
 ascorbate-2-phosphate 
and 100 nM dexamethasone). Control groups were chosen as a CS or ES scaffold in the 
corresponding media without platelets. Abbreviations: CS, centrifugal spinning; ES, electrospinning; 
D, growth medium with osteogenic supplements (differentiation medium); N, growth medium (non-
differentiation media); OS, osteogenic supplements; P, platelets. 
Sample Scaffold 
type 
Cell type Media Platelet concentration 
[platelets/L] 
CSNP1 CS hMSC Growth 3,000 × 10
9
 
CSNP2 CS hMSC Growth 900 × 10
9
 
CSNP3 CS hMSC Growth 300 × 10
9
 
CSNP4 CS hMSC Growth 100 × 10
9
 
CSNP5 CS hMSC Growth 30 × 10
9
 
CSNC CS hMSC Growth - 
CSDP1 CS hMSC Growth + OS 3,000 × 10
9
 
CSDP2 CS hMSC Growth + OS 900 × 10
9
 
CSDP3 CS hMSC Growth + OS 300 × 10
9
 
CSDP4 CS hMSC Growth + OS 100 × 10
9
 
CSDP5 CS hMSC Growth + OS 30 × 10
9
 
CSDC CS hMSC Growth + OS - 
ESNP1 ES hMSC Growth 3,000 × 10
9
 
ESNP2 ES hMSC Growth 900 × 10
9
 
ESNP3 ES hMSC Growth 300 × 10
9
 
ESNP4 ES hMSC Growth 100 × 10
9
 
ESNP5 ES hMSC Growth 30 × 10
9
 
ESNC ES hMSC Growth - 
ESDP1 ES hMSC Growth + OS 3,000 × 10
9
 
ESDP2 ES hMSC Growth + OS 900 × 10
9
 
ESDP3 ES hMSC Growth + OS 300 × 10
9
 
ESDP4 ES hMSC Growth + OS 100 × 10
9
 
ESDP5 ES hMSC Growth + OS 30 × 10
9
 
ESDC ES hMSC Growth + OS - 
 
4.1.1 THE CHARACTERIZATION OF PCL SCAFFOLDS 
The different preparation methods of PCL scaffolds resulted in a different morphology of 
the produced scaffolds (Figure 11 and Table 3). While the mean fiber diameter for ES 
scaffolds is 232 ± 129 nm it slightly increased for CS scaffold to 572 ± 330 nm. Also, the 
mean pore size is lower for ES scaffold, only 0.783 ± 1.521 μm
2
. For the CS scaffold we 
detected bigger pores with a mean pore size of 13.36 ± 33.4 μm
2
. Additionally, the porosity 
60 
of CS scaffolds is over 16% higher in comparison with the ES scaffold. This result is 
important as bigger pores enable deeper penetration of cells within the scaffolds volume. 
 
Table 3: Characterization of prepared scaffolds. 
Parameter CS ES 
Fiber diameter ± SD 572 ± 330 nm 232 ± 129 nm 
Pore size ± SD 13.36 ± 33.4 μm
2
 0.783 ± 1.521 μm
2
 
Porosity ± SD 62.4 ± 3.67% 46.0 ± 0.27% 
 
 
Figure 11: Images taken by SEM showing different morphologies of PCL scaffolds prepared either 
by CS or ES method. Scale bar 20 µm, magnification 3,000 ×. Abbreviations: CS, centrifugal 
spinning; ES, electrospinning 
4.1.2 THE CHARACTERIZATION OF PLATELET LYSATE 
The platelet’s content differs inter-individually in terms of the concentration of GFs, 
chemokines and cytokines. Therefore, a platelet lysate was prepared from each leukocyte-
depleted platelets derived from buffy coat used in experiments and further characterized. 
The platelet lysate was prepared by the freeze/thaw method, this was performed three times 
using a multiplex protein assay and ELISA (see Tables 4-7). The characterization was 
performed three times, twice from a bag derived from 4 donors (number of platelets in the 
bag were 900 × 10
9
/L - experiment with platelet adhesion and MG-63 evaluation; and 968 × 
10
9
/L - experiment with platelet adhesion and hMSC evaluation) and once with a bag 
derived from 16 donors (number of platelets in the bag was 1020 × 10
9
/L – experiment with 
lyophilizate encapsulation).  
The pro-inflammatory cytokines presented in higher concentrations were IL-8, -9, -
12, -15, -17, IFN- and TNF-α. The other measured pro-inflammatory cytokines, IL-1b, -2, -
6 and -7 were below 50 pg mL
-1
. The anti-inflammatory cytokine present in a higher 
concentration was IL-1ra. In the case of other anti-inflammatory cytokines, the 
concentrations were below 50 pg mL
-1 
for IL-4. For IL-10 the concentrations were in the 
range of 50-100 pg mL
-1 
and once was not detected. In the case of IL-13 the concentrations 
were below 20 pg mL
-1 
and once was not detected. From chemokines, higher concentrations 
of IP10, MIP-1b and RANTES were detected. The other chemokines, Eotaxin, MCP-1 and 
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MIP-1a were below or approximately 100 pg mL
-1
. However, from a tissue engineering 
point of view, the GFs have the highest importance for stimulating cell proliferation and 
differentiation. TGF-β and PDGF-BB were the most abundant GFs identified. Moreover, in 
high concentrations bFGF, G-CSF, VEGF, EGF and HGF were also present. IGF-1 and 
KGF were detected in lower concentrations. Furthermore, P-selectin as a marker of release 
α-granules was detected in a high concentration and thrombospondin, an antiangiogenic 
factor was also present in a high concentration. Concentrations of some of the tested GFs are 
not stated in Table 7, they were not measured due to the financial issues.  
There were detected differences between platelet lysates prepared from different 
leukocyte-depleted platelets. These differences reflect the interindividual variabilities 
between individuals and also between the obtained human leukocyte-depleted platelet 
derivate from buffy coat.  
 
Table 4: List of pro-inflammatory cytokine concentrations in different leukocyte-depleted platelets 
derived from buffy coat measured by multiplex protein assay. Abbreviations: LOQ, Limit of 
quantification; SD, standard deviation. Note: Lower limits of quantification for IL-2, IL-5 and IL-12 
are 1.29 pg mL
-1
, 3.63 pg mL
-1






















IL-1b 11.92 ± 0.55 1.6 ± 0.1 7.26 ± 0.21 
IL-2 32.61 ± 1.98 7.7 ± 0.4 <LOQ 
IL-5 28.52 ± 1.26 41.2 ± 2.8 <LOQ 
IL-6 31.13 ± 1.26 15.6 ± 3.5 21.17 ± 2.54 
IL-7 52.87 ± 1.8 14.8 ± 0.9 46.28 ± 2.15 
IL-8 133.65 ± 12.43 19.2 ± 1.1 116.05 ± 2.16 
IL-9 139.18 ± 2.82 95.4 ± 2.7 129.61 ± 2.86 
IL-12 228.88 ± 9.17 <LOQ 128.05 ± 5.56 
IL-15 108.34 ± 9.17 239.7 ± 15.1 OOR < ± 3.52 
IL-17 1774.22 ± 16.27 17.7 ± 1.0 1042.66 ± 27.55 
IFN-γ 298.71 ± 13.57 9.1 ± 0.4 164.83 ± 4.15 






Table 5: List of anti-inflammatory cytokine concentrations in different leukocyte-depleted platelets 
derived from buffy coat measured by multiplex protein. Abbreviations: LOQ, Limit of 
quantification; SD, standard deviation. Note: Lower limits of quantification for IL-10 and IL-13 are 
1.06 pg mL
-1





















IL-1ra 340.09 ± 15.98 214.0 ± 11.3 235.87 ± 15.25 
IL-4 16.75 ± 0.38 1.2 ± 0.1 14.9 ± 0.15 
IL-10 109.26 ± 4.95 <LOQ 58.39 ± 1.27 
IL-13 13.0 ± 4.0  <LOQ 9.0 ± 0.5  
 
 
Table 6: List of chemokines concentrations in different leukocyte-depleted platelets derived from 
buffy coat measured by multiplex protein assay. Abbreviations: SD, standard deviation. 















Eotaxin 122.29 ± 3.68 23.3 ± 0.7 78.3 ± 1.29 
IP10 383.43 ± 3.64 225.0 ± 4.6 315.08 ± 3.44 
MCAF 113.68 ± 12.09 12.3 ± 1.1 58.01 ± 9.95 
MIP-1a 25.31 ± 0.34 1.3 ± 0.1 13.09 ± 0.36 
MIP-1b 176.95 ± 2.33 1427.1 ± 91.1 156.58 ± 3.34 
RANTES 14721.88 ± 342.48 16082.4 ± 1498 11131.75 ± 270.89 
 
 
Table 7: List of GFs concentrations in different leukocyte-depleted platelets derived from buffy coat 
measured by ELISA or by multiplex protein assay (G-CSF, GM-CSF, PDGF-BB, VEGF). 


















IGF-1 283.2 ± 27.03 32.4 ± 0  
TGF-β1 76817.0 ± 6384.0  17569.9 ± 1507.8  
bFGF 379.44 ± 10.29 67.6 ± 4.1 273.88 ± 1.64 
G-CSF 219.43 ± 12.32 79.0 ± 5.9 138.66 ±7.78 
GM-CSF 163.5 ± 6.2 6.5 ± 0.4 98.33 ± 3.26 
PDGF-BB 9218.12 ± 164.9 1125.8 ± 29.8 14655.93 ± 115.58 
VEGF 521.67 ± 9.34 275.0 ± 29.8 509.83 ± 0.7 
KGF 127.94 ± 11.52  49.5 ± 5.5 
EGF 403.3 ± 67.51  591.3 ± 123.0 
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HGF 529.78 ± 12.1  514.6 ± 49.2 
SDF-1α 66.5 ± 54.75  33.8 ± 55.9 
Thrombospondin 94200.0 ± 11823.2   
P-selectin 4667.0 ± 87.34   
 
4.1.3 THE RELEASE KINETICS OF PROTEINS FROM ADHERED PLATELETS 
The release kinetics of GFs, from platelets adhered on ES and CS PCL scaffolds in five 
different concentrations were evaluated on the model protein thrombospondin. 
Thrombospondin, an antiangiogenic factor, was chosen as it is contained in high 
concentrations in the platelets. On days 1, 3, 7 and 14 the concentrations of released 
thrombospondin were detected.  PCL scaffolds with adhered platelets were incubated in 
PBS and collected on the experimental days.  The thrombospondin concentrations of the two 
least concentrated samples (CSP4 and ESP4 and CSP5 and ESP5) were below the detection 
limit of ELISA, therefore, in Figure 12, only the concentrations of CSP1-CSP3 and ESP1-
ESP3 are summarized as a cumulative release of thrombospondin.  
Clearly, based on the relative release of thrombospondin, this model protein was 
released for up to 14 days on the most concentrated group CSP1 then plateau phase was 
reached (Figure 13). The group CSP2 reached the plateau on day 7 and the rest of the tested 
groups reached the plateau phase on day 1. The plateau phase was reached in dependence on 
the platelet concentration. Moreover, the scaffolds morphology affected the release kinetics. 
As a consequence, higher concentrations of thrombospondin were detected on CS scaffolds 
compare to ES scaffolds as ESP1 group reached the plateau phase on day 3.  
 
Figure 12: Release kinetics of thrombospondin from platelets adhered on CS and ES PCL scaffolds. 
Thrombospondin was used as a model protein. Data are presented as the cumulative release. 
Abbreviations: CS, centrifugally spun scaffold; ES, electrospun scaffold; P1 - 3,000 × 10
9
, P2 - 900 
× 10
9
, P3 - 300 × 10
9




Figure 13: Release kinetics of thrombospondin from platelets adhered on CS and ES PCL scaffolds. 
Thrombospondin was used as a model protein. Data are presented as the relative release. Only data 
for samples CSP1, CSP2 and ESP1 are presented, as the rest of the samples released 
thrombospondin until day one and the curves would overlap. Abbreviations: CS, centrifugally spun 
scaffold; ES, electrospun scaffold; P1 - 3,000 × 10
9
, P2 - 900 × 10
9
 platelet/L of adhered platelets 
 
 
The overall protein release, detected from the same samples as with the release of 
thrombospondin, is stated in Figure 14. A fluorescent probe was used for the detection of all 
proteins, thus, the sensitivity of the colorimetric ELISA assay was overcome and release 
kinetics from all the samples were detected. Based on the results we observed, the release of 
overall proteins lasted for 14 days. However, as the protein assay measures all the proteins 
in the samples, the result is influenced by the presence of plasma proteins. Therefore, the 
differences between the samples are minimal. Group CSP1 showed the highest release of 
overall proteins.  
 
Figure 14: Total protein release from platelets adhered on CS PCL scaffolds measured by Quant-IT 
Protein assay, data are presented as the cumulative release. Abbreviations: CS, centrifugal spun 
scaffold; CS, centrifugal spun scaffold; CS, centrifugally spun scaffold; P1 - 3,000 × 10
9
; P2 - 900 × 
10
9
; P3 - 300 × 10
9
; P4 - 100 × 10
9
; P5 – 30 × 10
9




Formed fibrin net was visualized by SEM (Figure 15A-15H). The fibrous fibrin net 
was formed on the surface of the CS PCL scaffolds when the three highest concentrations of 
platelets (3,000 × 10
9
 platelet/L (P1), 900 × 10
9
 platelet/L (P2) and 300 × 10
9 
(P3)) were 
used. On the contrary, when the platelets adhered on the surface of the ES PCL scaffold, the 
fibrin net lacked the fibrous structure and was more dense and visible also for the three 
highest concentrations of platelets (P1-P3). These results suggest that the differences in the 
morphology of differently produced PCL scaffolds led to the formation of a different fibrin 
net. In the case of cell seeding, the observed results are similar. The formed fibrin net is seen 
as a confluent layer formed over the seeded hMSCs (Figures 15I-K and 15M-O). No fibrin 
net was visible on the group CSNP4 and ESNP4 (Figures 15L and 15P).  
 
Figure 15: Images taken by SEM of formed fibrin net, after platelet adhesion, on the surface of plain 
PCL scaffolds without cell seeding (A-H). Magnification 4000 ×, scale bar 20 µm. Images taken by 
SEM of seeded hMSCs with adhered platelets (I-P). Magnification 5000 ×, scale bar 10 µm. 





; P3, 3,000 × 10
9
 platelet/L; P4, 100 × 10
9
; C, control group (no platelets). 
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4.1.4 CELL PROLIFERATION 
A DNA concentration of cells seeded on PCL scaffolds was measured on days 1, 3, 7, 10 
and 14 using Quant-iT™ dsDNA Assay Kit. In Figure 16, the proliferation rate of MG-63 
cells is stated. The amount of DNA on all tested groups on day 1 is similar. This indicates a 
comparable cell adhesion, 24 hours after the seeding of the scaffolds. Over the course of the 
14 days experiment, the differences in the proliferation became significantly different.  
On day 3, we detected higher amount of DNA on groups CSP1 and CSP2 compared to 
groups CSP4, CSP4 and CSCS. Moreover, group CSP1 had higher amount of DNA in 
comparison to group CSP3. On day 7, the highest amount of DNA from all the tested groups 
was detected on group CSP1. Furthermore, DNA amount detected on groups CSP2 and 
CSP3 was statistically higher compared to groups CSP4, CSP5 and CSC. On day 10, we 
detected higher amount of DNA on group CSP2 compared to group CSP5. On days 10 and 
14, the amount of DNA detected on group CSP1 was statistically higher in comparison to 
the groups CSP4, CSP5 and CSC. Between groups CSP4, CSP5 and the CSC control group, 
there were no differences observed during the whole experiment. The highest rate of cell 
proliferation was observed on group CSP1, followed by groups CSP2 and CSP3. The 
decline in DNA concentration was probably caused by not changing the media for the whole 
experiment and in the presence of such an amount of cells, the media was exhausted. 
 
Figure 16: MG-63 osteosarcoma cell line adhesion and proliferation measured using Quant-iT™ 
dsDNA Assay Kit to quantify DNA. Statistical significance is shown by bars above the columns (* 







In the case of scaffolds prepared using the CS method, hMSCs cultured in growth 
media showed the highest rate of cell proliferation in groups CSNP1 and CSNP2 (Figure 
17). The increase in the DNA amount was constant throughout the whole culture period. On 
day 1, the detected amount of DNA on group CSNP3 was higher in comparison to groups 
CSNP5 and CSNC and also the higher amount of DNA was detected on group CSNP4 
compared to CSNC. On day 3, the amount of DNA in groups CSNP3 and CSNP4 was 
higher than on group CSNP5. On day 7, we detected higher amount of DNA in group 
CSNP3 compared to groups CSNP4, CSNP5 and CSNC and also in group CSNP4 
compared to group CSNC. On day 10, the amount of DNA in group CSNP3 was higher in 
comparison to group CSNC. Also higher amount of DNA was detected in group CSNP4 in 
comparison to groups CSNP5 and CSNC. On day 14, higher amount of DNA was detected 
in group CSNP3 compared to groups CSNP5 and CSNC and in group CSNP4 compared to 
group CSNC. No statistical differences were detected between groups CSNP5 and CSNC. In 
groups CSNP4, CSNP5 and the CSNC control group the increase in the amount of DNA 
was slower and in lower amounts.  
The results from the hMSCs cultivated on the CS scaffold in growth culture media 
with osteogenic supplements also showed on a positive effect in the two most concentrarted 
groups, CSDP1 and CSDP2, on the detected amount of DNA while hMSCs were cultivated 
on the scaffolds in the presence of different platelet concentrations (Figure 18). On days 3 
and 7, the amount of DNA in group CSDP3 was higher compared to groups CSDP4, CSDP5 
and CSDC. On days 10 and 14, the amount of DNA detected in group CSDP3 was higher in 
comparison to groups CSDP5 and CSDC. The group CSDP4 showed higher amount of 
DNA on days 3, 10 and 14 compared to the CSDC control group and on day 10 also in 
comparison to group CSDP5.  
hMSCs cultured in a growth media on ES PCL scaffolds showed in groups ESNP1 
and ESNP2 a statistically significant higher amount of DNA compared to groups ESNP4, 
ESNP5 and the ESNC control group on day 1 (Figure 19). Moreover, higher amount of 
DNA was also detected in group ESNP2 in comparison to group ESNP1 and in group 
ESNP3 compared to groups ESNP4, ESNP5 and ESNC. On day 3 and 7, the highest 
amounts of DNA were detected in groups ESNP1 and ESNP2 compared to groups ESNP3-
ESNP5 and ESNC. On day 3, higher amount of DNA was further detected in group ESNP3 
in comparison to groups ESNP5 and ESNC. Further cultivation led to a decrease in DNA 
amount in group ESNP2, while group ESNP1 still statsitically contained the highest amount 
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of DNA in compariosn to group ESNP4, ESNP5 and ESNC on day 10 and in comparison to 
all tested groups on day 14. Moreover, the amount of DNA, detected on the ES scaffold 
with seeded hMSCs in a growth media, was the lowest from all of the tested conditions.  
The observed trend was distinct while culturing hMSCs on ES scaffolds in a growth 
media with osteogenic supplements (Figure 20). An increase in the amount of DNA was 
observed, even in groups ESDP2 and ESDP3. On day 1, the amount of detected DNA in 
group ESDC was significantly lower compared to ESDP1-ESDP3 groups. On day 3, the 
highest amount of DNA was detected in group ESDP1 compared to all tested groups, in 
group ESDP2 the amount of DNA was higher in comparison to groups ESDP3-ESDP5 and 
ESDC and in group ESDP3 the amount of DNA was higher in comparison to the groups 
ESDP5 and ESDC. On day 7, the highest amount of DNA from all tested groups was 
detected in group ESDP2. In group ESDP1 the amount of DNA was significantly higher in 
comparison to groups ESDP3-ESDP5 and ESDC and in group ESDP3 the amount of DNA 
was higher compared to group ESDC. On day 10, in groups ESDP1 and ESDP2 the amount 
of DNA was higher compared to groups ESDP3-ESDP5 and ESDC and also in group 
ESDP3 the higher amount of DNA was detected in comaprison to groups ESDP4, ESDP5 
and ESDC. On day 14, the highest amount of DNA was detected in group ESDP1 and in 
group ESDP2 the detected amount of DNA was higher in comparsion to groups ESDP3-
ESDP5 and ESDC. Further, a decrease in the amount of DNA was detected on group 
ESDP3. In group ESDP4 the amount of DNA was higher compared to groups ESDP3, 
ESDP5 and ESDC.  
Similarly to the experiment with MG-63 cells, in the case of seeding hMSCs a 
statistically significant influence on the amount of DNA was also proven for the two highest 
concentrations of adhered platelets, regardless of the used culture medium or type of 
scaffold. Therefore suggesting that the bioactive compounds contained in the platelets 
showed a positive effect on the amount of DNA. Moreover, we observed positive effect of 
adhered platelets in synergy with osteogenic supplements, as differences in the amount of 




Figure 17: hMSC proliferation measured using Quant-iT™ dsDNA Assay Kit to quantify the 
amount of DNA. hMSCs cultivated on CS scaffolds in growth media. Statistical significance is 
shown by bars above the columns (* means statistically the highest value versus all tested groups 
that day, p < 0.05 in black and p < 0.001 in red). 
 
Figure 18: hMSC proliferation measured using Quant-iT™ dsDNA Assay Kit to quantify the 
amount of DNA. hMSCs cultivated on CS scaffolds in growth media with osteogenic supplements. 




Figure 19: hMSC proliferation measured using Quant-iT™ dsDNA Assay Kit to quantify the 
amount of DNA. hMSCs cultivated on ES scaffolds in growth. Statistical significance is shown by 
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bars above the columns ((* means statistically the highest value versus all tested groups that day, p < 
0.05 in black and p < 0.001 in red). 
   
Figure 20: hMSC proliferation measured using Quant-iT™ dsDNA Assay Kit to quantify the 
amount of DNA. hMSCs cultivated on ES scaffolds in growth media with osteogenic supplements. 
Statistical significance is shown by bars above the columns (* means statistically the highest value 
versus all tested groups that day, p < 0.05 in black and p < 0.001 in red). 
 
A comparison of the tested groups from the point of view of the used scaffolds, 
showed that the best cell adhesion occurred on samples ESNP1, ESNP2 and ESNP3. 
Proliferation was comparable on the scaffolds until day 7. After this time point the detected 
amount of DNA differed; in general groups CSNP1, CSNP2, CSDP1 and CSDP2 contained 
the highest amount of DNA. This means that the different morphology of scaffolds led to 
different platelets activation that subsequently influenced hMSC proliferation. In the lower 
concentrations of adhered platelets the differences were not so distinct.  
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4.1.5 METABOLIC ACTIVITY 
The metabolic activity of MG-63 cells, stated in Figure 21, rose steadily over period of 14 
days. No statistically significant differences were detected between the CSC control group 
and groups CSP3-CSP5. In groups CSP1 and CSP2 we observed a statistically significant 
rate of metabolic activity that was dose dependent with used platelet concentrations. Group 
CSP1 showed the best metabolic activity from all of the tested groups on days 1, 3, 7 and 
10. On day 14, the metabolic activity between groups CSP1 and CSP2 was comparable.  
 
Figure 21: Metabolic activity of MG-63 osteosarcoma cell line seeded on scaffolds was determined 
using the MTS assay. Statistical significance is shown by bars above the columns (p < 0.05 in black 
and p < 0.001 in red). 
 
A positive effect on metabolic activity of hMSCs was observed in the groups with 
the three highest concentrations of platelets, regardless of the scaffold and culture media 
(Figure 22-25). In general, the culture media enriched with osteogenic supplements had the 
most positive effect on metabolic activity of the hMSCs.  
In some experimental groups, there was an observed decrease in cell metabolic 
activity during the experiment. This phenomenon could be caused by the fact that the 
culture media was not changed during the experiment and that a lower amount of FBS was 
used while the cells were seeded in the higher amount. On the contrary, there was hardly 
any decrease in metabolic activity observed in the case of MG-63 cells, but the amount of 
seeded MG-63 cells was 2.5 times lower compared to seeded hMSCs. Based on the results 




Figure 22: Metabolic activity of hMSC seeded on scaffolds was determined using the MTS assay. 
hMSC cultivated on CS scaffolds in growth media. Statistical significance is shown by bars above 
the columns (* means statistically highest value versus all tested groups that day, p < 0.05 in black 
and p < 0.001 in red). 
 
Figure 23: Metabolic activity of hMSC seeded on scaffolds was determined using the MTS assay.  
hMSC cultivated on ES scaffolds in growth media. Statistical significance is shown by bars above 
the columns (* means statistically highest value versus all tested groups that day, p < 0.05 in black 
and p < 0.001 in red). 
 
Figure 24: Metabolic activity of hMSC seeded on scaffolds was determined using the MTS assay.  
hMSC cultivated on CS scaffolds in growth media with osteogenic supplements. Statistical 




Figure 25: Metabolic activity of hMSC seeded on scaffolds was determined using the MTS assay. 
hMSC cultivated on ES scaffolds in growth media with osteogenic supplements. Statistical 
significance is shown by bars above the columns (* means statistically highest value versus all tested 
groups that day, p < 0.05 in black and p < 0.001 in red). 
 
4.1.6 ALKALINE PHOSPHATASE ACTIVITY 
ALP activity is a marker of osteogenic differentiation; therefore it was evaluated in order to 
test the effect of platelets on days 1, 7 and 14. The ALP activity of MG-63 osteosarcoma 
cell line (Figure 26) seeded on the scaffolds in the presence of different concentration of 
platelets showed a similar trend to the metabolic activity of the cells. Between groups CSP3-
CSP5 and the CSC control group there were no statistical differences detected. However, 
the CSP1 group showed significantly higher ALP activity from all of the tested groups. The 
ALP activity of the MG-63 cells on group CSP2 was statistically higher compared to groups 
CSP3-CSP5 and the CSC control group.  
 
Figure 26: ALP activity of MG-63 osteosarcoma cell line seeded on scaffolds was determined using 
1-Step™ PNPP kit. Statistical significance is shown by bars above the columns (* means statistically 




Unlike the MG-63 osteosarcoma cell line, hMSCs seeded on both type of scaffolds 
in a growth media showed a less strong effect of platelets on the ALP activity. In the case of 
CS scaffolds, on day 1, higher ALP activity was detected on group CSNP1, CSNP2 and 
CSNP5 in comparison with CSNC group (Figure 27). On day 14, higher ALP activity was 
detected on group CSNP2 in comparison with groups CSNP1, CSNP4, CSNP5 and CSNC.  
While hMSCs were cultivated on ES scaffolds in growth media, increased ALP activity was 
detected on day 1 on group ESNP2 in comparison with groups ESNP4, ESNP5 and ESNC 
(Figure 28). On day 14, higher ALP activity was detected on group ESNC in comparison 
with groups ESNP1 and ESNP4.  
The situation was different when the hMSCs were cultivated in a growth media with 
osteogenic supplements. We observed a synergistic effect of osteogenic supplements 
together with adhered platelets on the enhanced ALP activity of hMSCs. In case when 
hMSCs were cultured on CS scaffolds, higher ALP activity was detected on groups CSDP1, 
CSDP2 and CSDP4 in comparison with CSDC on day 1 (Figure 29). On day 7, statistically 
higher ALP activity was detected on group CSDP3 in comparison with groups CSDP1, 
CSDP1 and CSDC. Furthermore, higher ALP activity was detected also on groups CSDP2 
and CSDP4 compared to groups CSDP5 and CSDC. On day 14, three highest concentrations 
of platelets led to statistically higher ALP activity in comparison to the CSDP4, CSDP5 
groups and the CSDC control group. On CSDC control group was further detected higher 
ALP activity in comparison with CSDP5 group.  
In the case of ES PCL scaffolds seeded with hMSCs and cultivated in growth media 
with osteogenic supplements, on day 7, higher ALP activity was detected on group ESDP3 
compared to groups ESDP4, ESDP5 and ESDC (Figure 30). On day 14, the ESDP3 group 
showed higher ALP activity in comparison to groups ESDP4, ESDP5 and ESDC. Higher 
ALP activity was further detected on group ESDP2 compared to groups ESDP5 and ESDC 
and also on group ESDP1 in comparison to group ESDC. 
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Figure 27: ALP activity of hMSC on scaffolds was determined using 1-Step™ PNPP kit. hMSC 
cultivated on CS scaffolds in growth media. Statistical significance is shown by bars above the 
columns (p < 0.05). 
 
Figure 28: ALP activity of hMSC on scaffolds was determined using 1-Step™ PNPP kit. hMSC 
cultivated on ES scaffolds in growth media. Statistical significance is shown by bars above the 
columns (p < 0.05). 
 
Figure 29: ALP activity of hMSC on scaffolds was determined using 1-Step™ PNPP kit. hMSC 
cultivated on CS scaffolds in growth media with osteogenic supplements. Statistical significance is 
shown by bars above the columns (p < 0.05 in black and p < 0.001 in red). 
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Figure 30: ALP activity of hMSC on scaffolds was determined using 1-Step™ PNPP kit. hMSC 
cultivated on ES scaffolds in growth media with osteogenic supplements. Statistical significance is 
shown by bars above the columns (p < 0.05 in black and p < 0.001 in red). 
 
These results suggest that bioactive molecules contained in the platelets have the 
effect to further promote the osteogenic activity of osteosarcoma cell line MG-63 cells. The 
effect on hMSCs was only observed in synergy with the osteogenic supplements added into 
the growth media. It means that solely GFs and other factors contained in the platelets are 
not sufficient to induce the osteogenic differentiation of hMSCs. Interestingly, the highest 
concentration of platelets showed the best ALP activity for cultured MG-63 cells. Yet in the 
case of hMSCs in a growth media with osteogenic supplements, groups CSDP2 and ESDP3 
showed the best results, meaning that the induction of osteogenic differentiation could be 
achieved with a lower amount of bioactive molecules in stem cells, while a further 
promotion of osteogenic activity in already differentiated cells was achieved with higher 
concentrations of adhered platelets. 
4.1.7 CELL MORPHOLOGY AND SPREADING ON THE SCAFFOLDS 
A confocal microscopy observation was performed to verify the adhesion on the first day 
and also to examine the cell interaction with the scaffolds through further experimental 
days. DiOC6(3) and propidium iodide were used to visualize cell membranes and cell 
nuclei, respectively. MG-63 cells adhered on the scaffolds similarly in all of the tested 
groups (Figure 31, Figure 32). Throughout the cell culture period the number of MG-63 
cells increased. The highest amount of cells was observed on days 7 and 14 in group CSP1 
which is in agreement with the DNA amount quantified (Figure 16). Moreover, MG-63 cells 




Figure 31: Visualization of MG-63 osteosarcoma cell line adhesion and distribution on CSP1-CSP3 
scaffolds using a confocal microscope. Cell nuclei were stained using propidium iodide (red color) 
and cell membranes using DiOC6(3) (green color). Magnification 200 ×, scale bar 100 µm. 
Abbreviations: CS, centrifugally spun scaffold; P1 - 3,000 × 10
9
; P2 - 900 × 10
9







Figure 32: Visualization of MG-63 osteosarcoma cell line adhesion and distribution on CSP4, CSP 
and CSC scaffolds using a confocal microscope. Cell nuclei were stained using propidium iodide 
(red color) and cell membranes using DiOC6(3) (green color). Magnification 200 ×, scale bar 100 
µm. Abbreviations: CS, centrifugally spun scaffold; P4 - 100 × 10
9
; P5 – 30 × 10
9
 platelet/L; C, 
control group (no platelets). 
 
A confocal microscopy observation of hMSCs seeded on PCL scaffolds (Figure 33-
36), showed adhered and spread cells even on day 1 on the surface of the scaffold. As the 
cultivation period proceeded we observed confluent layers of hMSCs on day 14. A lower 
amount of cells was apparent in the control groups and the groups with a lower amount of 






Figure 33: Visualization of hMSC adhesion and distribution on CS scaffolds using a confocal 
microscope. hMSCs were cultured in growth media. Cell nuclei were stained using propidium iodide 
(red color) and cell membranes using DiOC6(3) (green color). Magnification 200 ×, scale bar 100 
µm. Abbreviations: CS, centrifugally spun scaffold; N, growth media; P1 - 3,000 × 10
9
; P2 - 900 × 
10
9
; P3 - 300 × 10
9
; P4 - 100 × 10
9
; P5 – 30 × 10
9







Figure 34: Visualization of hMSC adhesion and distribution on ES scaffolds using a confocal 
microscope. hMSCs were cultured in growth media. Cell nuclei were stained using propidium iodide 
(red color) and cell membranes using DiOC6(3) (green color). Magnification 200 ×, scale bar 100 
µm. Abbreviations: ES, electrospun scaffold; N, growth media; P1 - 3,000 × 10
9
; P2 - 900 × 10
9
; P3 
- 300 × 10
9
; P4 - 100 × 10
9
; P5 – 30 × 10
9






Figure 35: Visualization of hMSC adhesion and distribution on CS scaffolds using a confocal 
microscope. hMSCs were cultured in growth media with added osteogenic supplements. Cell nuclei 
were stained using propidium iodide (red color) and cell membranes using DiOC6(3) (green color). 
Magnification 200 ×, scale bar 100 µm. Abbreviations: CS, centrifugally spun scaffold; D, growth 
media with OS; P1 - 3,000 × 10
9
; P2 - 900 × 10
9
; P3 - 300 × 10
9
; P4 - 100 × 10
9
; P5 – 30 × 10
9
 






Figure 36: Visualization of hMSC adhesion and distribution on ES scaffolds using a confocal 
microscope. hMSCs were cultured in growth media with added osteogenic supplements. Cell nuclei 
were stained using propidium iodide (red color) and cell membranes using DiOC6(3) (green color). 
Magnification 200 ×, scale bar 100 µm. Abbreviations: ES, electrospun scaffold; D, growth media 
with OS; P1 - 3,000 × 10
9
; P2 - 900 × 10
9
; P3 - 300 × 10
9
; P4 - 100 × 10
9
; P5 – 30 × 10
9
 platelet/L; 
C, control group (no platelets). 
4.2 PLATELET LYOPHILISATE ENCAPSULATION EXPERIMENT 
In the previous set of experiments, we demonstrated the positive effect of released bioactive 
compounds, from activated platelets, on metabolic activity, proliferation and enhanced ALP 
activity of MG-63 osteosarcoma cell line and hMSCs. Due to the fact that this system allows 
only a short-term delivery of released molecules, encapsulation of lyophilized platelet lysate 
(lyophilisate) into the core of PCL nanofibers was performed. As a result of the 
emulsification CS method, core/shell fibers, in other words coaxial nanofibers, are 
produced. In this way, the release of bioactive compounds from the core of nanofibers 
would be prolonged.  
Different concentrations of lyophilisate were used for the preparation of coaxial PCL 
nanofibers. The overall characterization of GFs, cytokines and chemokines content of 
platelets are listed above (see Tables 4-7). During the emulsion approach of the coaxial PCL 
fibers with encapsulated lyophilisate, it is necessary to protect the lyophilisate from 
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degradation in order to preserve the bioactivity of the GFs, cytokines and chemokines. 
Therefore, PF-68, an amphiphilic polymer, was used. The efficiency of lyophilisate 
encapsulation and preservation of its bioactivity were verified using the model molecule 
HRP, see Table 8 for the composition and naming of the samples. The blend encapsulation 
of HRP or lyophilisate was always used as a control for the emulsion approach of the PCL 
scaffold preparation. 
The most promising scaffolds, with platelet lyophilisate in the core of the PCL 
fibers, were biologically evaluated on the model of MG-63 osteosarcoma cell line in terms 
of cell proliferation and viability, and a plain PCL scaffold was used as a control (Table 9). 
In order not to wash out the bioactive compounds released from the PCL scaffolds, the 
culture medium was not changed during the 14 days experiment. Furthermore, the MG-63 
cells were cultured in a medium with only 2% of FBS, instead of generally used 5%, to 
accurately test the overall effect of released platelet lyophilisate on cultivated MG-63 cells. 
 
Table 8: Sample naming list of scaffolds with encapsulated HRP. Abbreviations: CS, centrifugal 
spinning; HRP, horseradish peroxidase; PF-68, Pluronic F-68; w/v, weight/volume. 
Sample Scaffold  
type 
PF-68  HRP  
0%PF-HRP CS 0% (w/v) 300 g mL
-1
 
5%PF-HRP CS 5% (w/v) 300 g mL
-1
 
10%PF-HRP CS 10% (w/v) 300 g mL
-1
 
20%PF-HRP CS 20% (w/v) 300 g mL
-1
 




Table 9: Sample naming list of scaffolds with encapsulated platelet lyophilisate, Abbreviations: C, 
control; CS, centrifugal spinning; PF-68, Pluronic F-68; w/v, weight/volume. 




PF-68  Platelet 
lyophilisate  
0%PF-LYO CS No cell testing 0% (w/v) 2 mg mL
-1
 
5%PF-LYO CS MG-63 5% (w/v) 2 mg mL
-1
 
10%PF-LYO CS MG-63 10% (w/v) 2 mg mL
-1
 
20%PF-LYO CS No cell testing 20% (w/v) 2 mg mL
-1
 
PCL blend LYO CS No cell testing - 2 mg mL
-1
 




4.2.1 THE CHARACTERIZATION OF COAXIAL FIBERS 
Different PCL scaffolds were prepared by CS using the emulsion approach. It resulted in the 
formation of PCL fibers in the range of micro- to nanofibers (Table 10). A high number of 
defects in the shape of droplets were present (Figure 37). The mean microfiber diameter was 
comparable between each group. The smallest diameter of nanofibers was measured in the 
PCL blend LYO group, this group was also connected with the highest percentage of pores 




Table 10: Characterization of prepared scaffolds. Abbreviations: SD, standard deviation. 
Sample Microfiber 










0%PF-LYO 1.6 ± 0.6 µm 440 ± 110 nm 38 ± 47 µm
2 
32 % 
5%PF-LYO 2.4 ± 1.9 µm 470 ± 103 nm 30 ± 29 µm
2
 24 % 
10%PF-LYO 2.1 ± 0.9 µm 453 ± 95 nm 32 ± 21 µm
2
 20 % 
20%PF-LYO 2 ± 1.2 µm  537 ± 168 nm 29 ± 39 µm
2
 21 % 
PCL blend LYO 2.7 ± 1.5 µm 338 ± 90 nm 47 ± 56 µm
2
 36 % 
 
 
Figure 37: Images taken by SEM from prepared PCL scaffolds with encapsulated lyophilisate, scale 
bar 50 m. 
THE DETECTION OF ACTIVITY AND RELEASED KINETICS OF ENCAPSULATED HRP  
In order to evaluate the protective effect of PF-68 on the bioactivity of proteins encapsulated 
in the core of the PCL fibers, we encapsulated a model enzyme, HRP (Table 8), to measure 
its biological activity (Figure 38). PCL fibers with PF-68 showed ˃ 60% activity of released 
HRP in comparison to fibers without PF-68 that showed only ˂ 30% activity of HRP. These 




Figure 38: Activity of HRP released from the core of the PCL fibers. Abbreviation: HRP, 
horseradish peroxidase. 
RELEASE KINETICS OF PROTEINS FROM SCAFFOLDS WITH ENCAPSULATED PLATELET 
LYOPHILISATE 
The quantification of released overall proteins from encapsulated lyophilisate (Figure 39) 
indicated that proteins were released for a period of 14 days and the plateau phase was not 
reached, as it was when platelet adhesion was performed (Figure 14), however, released 
concentrations of bioactive compounds were much lower. The highest released rates were 
detected in groups 10%PF-LYO and 20%PF-LYO. Scaffolds with lower or no concentration 
of PF-68 (0%PF-LYO and 5%PF-LYO) showed a slower release comparable to the PCL 
blend LYO scaffold, indicating a low efficiency of the encapsulation procedure.  
 






4.2.2 CELL PROLIFERATION 
Based on the results obtained by the Quant-iT™ dsDNA Assay Kit, the DNA amount was 
comparable on all three tested groups on the first day, suggesting that cell seeding was 
uniform (Figure 40). We observed an ingrowth of MG-63 cells towards day 3, however, a 
significantly lower DNA amount was detected in the control group. Throughout further 
cultivation days, the differences between the samples united. 
 
Figure 40: MG-63 osteosarcoma cell line adhesion and proliferation measured using Quant-iT™ 
dsDNA Assay Kit to quantify DNA. Statistical significance is shown above the columns (¥ means 
statistically lowest value versus all tested groups that day with p < 0.05). 
4.2.3 METABOLIC ACTIVITY 
Unlike DNA quantification, the metabolic activity of seeded MG-63 cells revealed that from 
day 1 to day 10, the control group showed the significantly lowest metabolic activity 
compared to both groups with an encapsulated platelet lyophilisate (Figure 41). On day 14, 
there were no differences detected between the 5%PF-LYO group and the control group, 
however, the 10%PF-LYO group showed the statistically highest metabolic activity from all 
of the tested groups.   
 
Figure 41: Metabolic activity of MG-63 osteosarcoma cell line seeded on scaffolds was determined 
based on the MTS assay. Statistical significance is shown above the columns (* means statistically 
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highest value versus all tested groups that day, ¥ means statistically lowest value versus all tested 
groups that day, p < 0.05).  
 
4.2.4 CELL MORPHOLOGY AND SPREADING ON THE SCAFFOLDS 
The confocal microscopy observation (Figure 42) is in agreement with the DNA 
quantification (Figure 40). Differences between the groups were not observed, and the cell 
number was comparable between the three tested groups. Cells were spread confluently on 
the scaffolds. The possible differences seen in the amount of cells could be caused by the 
number of washing steps performed during the cell staining method.  
 
 
Figure 42: Visualization of MG-63 osteosarcoma cell line adhesion and distribution on scaffolds 
using a confocal microscope. Cell nuclei were stained using propidium iodide (red color) and cell 
membranes using DiOC6(3) (green color). Magnification 200 ×, scale bar 100 µm. 
4.3 OSTEOGENIC SUPPLEMENT ENCAPSULATION EXPERIMENT 
In the previous set of experiments, the encapsulation of platelet lyophilisate was performed 
in order to prolong the effect of bioactive compounds. The encapsulation led to a sustained 
release of bioactive molecules for up to 14 days and preserved their bioavailability. 
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However, the effect was not so distinct compare to activated platelets by adhesion on the 
surface of PCL scaffold.  
The idea of a scaffold that serves as a drug delivery system in the site of a defect is 
caused by the positive effect of the active stimulation of the healing process. Therefore, we 
chose to encapsulate osteogenic supplements. For these experiments we decided not to use 
synthetic GFs, which are widely tested, as they are more expensive, unstable and medical 
approval is problematic. Osteogenic supplements are compounds generally used to induce 
the osteogenic differentiation of cells in in vitro conditions. Namely these compounds are β-
glycerol phosphate, ascorbate-2-phosphate and dexamethasone. Commonly used 
concentrations for cell culturing are 10 mM and 40 µg mL
-1
 and 100 nM, respectively.  
The aim of the experiment was to verify the different concentrations of osteogenic 
supplements encapsulated in the core of the PCL scaffold (Table 11) by the blend CS 
method. This scaffold could serve as a cell-free scaffold with osteo-inductive properties due 
to its released bioactive compounds. A Saos2 osteosarcoma cell line as well as hMSCs, were 
cultured on prepared PCL scaffolds for a period of three weeks. In this experiment we used 
Saos2 cells instead of MG-63 cells, as Saos2 cells evince a stronger production of 
osteogenic markers in vitro. Two control groups were chosen to thoroughly assess the effect 
of released osteogenic supplements. Plain PCL scaffolds cultured in a growth media, or in a 
growth media with added osteogenic supplements, were evaluated as negative and positive 
controls. The exchange of the media was minimal during the experiment in order not to 
aspirate the released osteogenic supplements. However, for the three week incubation period 
it was necessary, thus, half of the media was changed on days 7 and 14.  
 
Table 11: Sample naming list, osteogenic supplements concentrations used for preparation of PCL 
scaffolds by blend centrifugal spinning method and type of the media used for cell culture 
experiments. Abbreviations: asc-2-P, ascorbate-2-phosphate; β-GP, β-glycerol phosphate; dex, 
dexamethasone; OS, osteogenic supplements. 
Sample β-GP (mM) asc-2-P (g mL
-1
) Dex (nM) Media 
OS1 10 40 100 Growth 
OS2 20 80 200 Growth 
OS5 50 200 500 Growth 
OS10 100 400 1,000 Growth 
CGM - - - Growth 




4.3.1 THE CHARACTERIZATION OF A PCL SCAFFOLD WITH ENCAPSULATED OS 
The blend CS method resulted in the production of a fibrous PCL scaffold with encapsulated 
osteogenic supplements (Figure 43). The scaffolds were porous. The fiber diameters and 
pore sizes are listed in Table 12. Based on the analysis, the mean fiber diameter increased, 
with an increase in the concentrations of used osteogenic supplements. However, on the 
sample OS10 we detected a decrease in the mean fiber diameter. The difference could be 
caused by the presence of defects on the OS10 sample. In addition, the maximal pore size 
detected on the OS10 sample was 33.3 µm
2
 which is in contrast to samples OS1-OS5 and 




Table 12: Characterization of prepared scaffolds. 
Sample Fiber diameter ± SD Mean pore size ± SD Pores larger than 5 µm
2
 
OS1 739.7 ± 159.3 nm 11.7 ± 20.5 µm
2
 51.1 % 
OS2 824.9 ± 271.2 nm  10.1 ± 18.9 µm
2
 43.3 % 
OS5 1569.7 ± 1067.7 nm 16.3 ± 25.9 µm
2
 58.0 % 
OS10 697.8 ± 527.7 nm 2.6 ± 5.9 µm
2
 39.3 % 
PCL 974.6 ± 299.1 nm 13.7 ± 29.8 µm
2
 46.6 % 
 
 
Figure 43: Images from SEM of prepared PCL scaffolds. Scale bar 5 µm. 
THE VERIFICATION OF OSTEOGENIC SUPPLEMENT  ENCAPSULATION 
The incorporation of osteogenic supplements into the PCL scaffold was verified using ATR-
FTIR spectroscopy (Figure 44). The spectra of plain PCL scaffold revealed peaks for C=O 
groups at 1700 cm
-1
 and for C-H groups at 2800-2950 cm
-1
. The incorporation of osteogenic 
supplements resulted in an increase of a peak at 3200-3500 cm
-1
 typical for the O-H group 
that is present in all added osteogenic supplements. Moreover, β-glycerol phosphate and 
ascorbate-2-phosphate have typical -PO4 group. This peak was visible at 1,000 cm
-1
. 
Dexamethasone was further proved by the peak at 1,600 cm
-1




Figure 44: Spectra of prepared scaffolds measured by FTIR-ATR spectroscopy 
 
We also evaluated the release of phosphate from β-glycerol phosphate and ascorbate-
2-phosphate, encapsulated into the core of PCL fibers over a period of 31 days. A 
cumulative phosphate release (Figure 45) indicates a faster release from the OS1 and OS2 
samples in comparison to OS5 and OS10 samples. The half-time of phosphate release was 
reached on the sample OS2 on day 8 and on day 14 on the OS1 sample. The half time of 
phosphate released for the OS5 and OS10 samples was 24 and 23 days respectively. The 
release kinetics of osteogenic supplements from fibers was dose dependent and lasted for a 
period of 31 days. The encapsulation efficiency calculated from the total release of 
phosphate was highest for the OS1 sample (98.2 ± 62.1%), however, the OS5 and OS10 
samples had the encapsulation efficiency 40.1 ± 22.4% and 35.9 ± 0.9% respectively. 
 




4.3.2 CELL PROLIFERATION 
Cell proliferation of hMSCs on the scaffolds was detected on days 1, 3, 7, 14 and 21 (Figure 
46). The cell proliferated gradually throughout the whole experiment. On day 7, the higher 
amount of DNA was detected in groups OS10 and COM in comparison to groups OS5 and 
CGM. On day 14, a decrease in the amount of DNA was detected in the COM group, it was 
statistically lower compared to the group OS10. On the last day of the experiment, a 
decrease in the DNA amount was observed on OS5 group, the amount of DNA was 
statistically lower in comparison to groups OS1, OS2 and the control groups.  
Based on the results, confirmed by the DNA quantification of Saos2 cells (Figure 
47). On day 3, in both the CGM and COM control groups the amount of DNA was lower 
compared to groups OS1-OS5. Unlike hMSCs, Saos2 osteosarcoma cells showed a higher 
increase in the amount of DNA between days 7 and 21 of the experiment on the groups 
OS1-OS10 and CGM group. On day 14, in the groups OS1 and OS5 detected amount of 
DNA was higher compared to group COM. In groups OS2 and OS10 the amount of DNA 
was higher in comparison to both control groups. The amount of DNA on day 21 was 
significantly the lowest in the COM group and further the amount of DNA detected in 
groups OS1 and OS2 was higher in comparison to group CGM.  
 
Figure 46: hMSCs adhesion and proliferation measured using Quant-iT™ dsDNA Assay Kit to 
quantify DNA. Statistical significance is shown by bars above the columns (p < 0.05). 
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Figure 47: Saos2 osteosarcoma cell line adhesion and proliferation measured using Quant-iT™ 
dsDNA Assay Kit to quantify DNA. Statistical significance is shown by bars above the columns (¥ 
means statistically lowest value versus all tested groups that day, p < 0.05 in black and p < 0.001 in 
red). 
4.3.3 METABOLIC ACTIVITY 
The metabolic activity was measured using MTS assay on the same days as we quantified 
the amount of DNA. On day 1, the metabolic activity of hMSCs cultivated in the OS5 group 
was higher in comparison to OS1, OS10, CGM and COM groups (Figure 48). Also in OS2 
group, the metabolic activity was higher compared to COM group. No statistically 
significant differences in metabolic activity of hMSCs were measured on days 3 and 21. On 
day 7, metabolic activity detected in the COM group was higher compared to OS1-OS5 
groups and in OS10 group was the detected metabolic activity higher in comparison to OS5 
group. On Day 14, the OS10 and CGM groups showed a higher metabolic activity in 
comparison to the group OS2. Osteogenic supplements are routinely used in in vitro and are 
intended for the induction of osteogenic differentiation. Based on the results, we observed 
no detrimental or highly positive effect of these supplements, either added into the culture 




Figure 48: Metabolic activity of hMSCs on scaffolds was determined based on the MTS assay. 
Statistical significance is shown by bars above the columns (p < 0.05). 
 
The metabolic activity of Saos2 cells revealed (Figure 49) a constant value of 
absorbance in the case of the COM group. The metabolic activity was in COM group lowest 
from all tested groups on days 14 and 21, however, increase in the amount of DNA was 
detected on this sample according to the DNA amount quantified (Figure 47). On day 3, the 
metabolic activity in group CGM was significantly lower in comparison to groups OS1, 
OS2, OS10 and COM. On day 7, the metabolic activity detected in the OS1 group was 
higher compared to CGM and COM groups. Also, the metabolic activity in the OS5 group 
was lower compared to groups OS2 and OS10. On day 14, metabolic activity in group OS10 
was higher compared to groups OS1, OS5, CGM and COM. Detected metabolic activity in 
group OS2 was higher compared to OS5, CGM and COM groups and in group OS1 the 
metabolic activity was higher in comparison to CGM and COM groups. On day 14, the 
metabolic activity detected in groups OS1 and OS5 was higher compared to groups OS10, 
CGM and COM. Further, the metabolic activity in groups OS2 and OS10 was higher in 
comparison with CGM and COM groups. As Saos2 cells are normally cultivated without 
osteogenic supplements, this possibly indicates, that higher concentrations of osteogenic 
supplements negatively affect cell proliferation and metabolic activity but in lower 
concentrations this positively influences these measured characteristics. 
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Figure 49: Metabolic activity of Saos2 osteosarcoma cell line on scaffolds was determined based on 
the MTS assay. Statistical significance is shown by bars above the columns (¥ means statistically 
lowest value, p < 0.05 in black and p < 0.001 in red). 
 
4.3.4 CELL ADHESION AND SPREADING ON SCAFFOLDS 
The confocal microscopy observations (Figure 50, Figure 51) are in agreement with the 
DNA amount quantified (Figure 46, Figure 47). Saos2, as well as the hMSCs adhered on all 
types of the scaffolds. The spreading of cells occurred from day 1. The ingrowth of the cells 
was observed throughout the cell culture period and confluent layers of cells were observed 
on day 14 suggesting that cell differentiation, typically occurring at the confluent layers of 
cells, could have started. Moreover, the spreading of hMSCs on the fibers of the PCL 




Figure 50: Visualization of Saos2 osteosarcoma cell line adhesion and distribution on scaffolds 
using a confocal microscope. Cell nuclei were stained using propidium iodide (red color) and cell 
membranes using DiOC6(3) (green color). Magnification 200 ×, scale bar 100 µm. Abbreviations: 
CGM, control group cultivated in a growth media; COM, control group cultivated in a growth media 
with osteogenic supplements. 
 
 
Figure 51: Visualization of hMSC adhesion and distribution on scaffolds using a confocal 
microscope. Cell nuclei were stained using propidium iodide (red color) and cell membranes using 
DiOC6(3) (green color). Magnification 200 ×, scale bar 100 µm. Abbreviations: CGM, control group 





Figure 52: hMSCs adhesion and interaction on scaffolds visualized using SEM. Magnification 3,000 
×, scale bar 20 µm. Abbreviations: CGM, control group cultivated in a growth media; COM, control 
group cultivated in a growth media with osteogenic supplements. 
4.3.5 ALKALINE PHOSPHATASE ACTIVITY 
ALP activity is an early marker of osteogenic differentiation. In in vitro conditions the 
activity is enhanced by the osteogenic supplements freely added into the growth media. On 
day 7 the highest ALP activity was detected in the COM group compared to the OS1 and 
OS2 groups (Figure 53). A higher ALP activity was also detected in the OC10 group in 
comparison with the OS1 group. On days 14 and 21 only statistical differences were 
observed between the COM group compared to the OS2 and CGM groups, the rest of the 
tested groups were comparable.    
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Figure 53: ALP activity of hMSC on scaffolds was determined using 1-Step™ PNPP kit. Statistical 
significance is shown by bars above the columns (p < 0.05). 
4.3.6 THE EXPRESSION OF OSTEOGENIC MARKERS DETECTED BY QPCR 
A relative mRNA expression of type I collagen, an early marker of osteogenic 
differentiation, was performed on days 1, 7 and 14 for both of the tested cell types. Saos2 
cultured in the group OS10 expressed the statistically highest amount of collagen type I 
from all of the tested groups on day 1 (Figure 54). On day 7 the normality test failed, thus a 
one-way analysis of variance on the ranks revealed that only the OS5 group promoted a type 
I collagen expression, statistically more in comparison to the COM group, however, the 
trend that also the OS2 and OS10 groups promoted the expression was observed. On day 14, 
the COM group promoted the expression statistically, at least from all of the tested groups. 
Moreover, the OS5 group was statistically the best in supporting the expression of collagen 
type I, followed by the OS2 group. The expression of collagen type I, detected in the case of 
the cultivated hMSCs, revealed the highest expression on day 1 in the OS2 group (Figure 
55). Further cultivation on day 7, led to the highest expression of mRNA for collagen type I 
in groups OS5 and OS10 and the lowest rate of expression was measured in the OS2 group. 
The expression of mRNA for collagen type I decreased on day 14 in all of the samples with 
the exception of the CGM control sample. The expression of collagen type I mRNA in OS1 
and OS2 groups was statistically the lowest. 
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Figure 54: Osteogenic differentiation of Saos2 osteosarcoma cell line determined by qPCR analysis 
of osteogenic markers. Relative expression of type I collagen. Statistical significance is shown by 
bars above the columns (* means statistically highest value versus all tested groups that day, ¥ 
means statistically lowest value versus all tested groups that day, p < 0.05 in black and p < 0.001 in 
red). 
 
Figure 55: Osteogenic differentiation of hMSCs determined by qPCR analysis of osteogenic 
markers, relative expression of type I collagen. Statistical significance is shown by bars above the 
columns (* means statistically highest value versus all tested groups that day, ¥ means statistically 
lowest value versus all tested groups that day, p < 0.05 in black and p < 0.001 in red). 
 
RunX2 is an early marker of osteogenic differentiation. A relative expression of 
mRNA in hMSC was statistically higher on day 1 in the OS2 group in comparison to the 
OS5, COM and CGM groups (Figure 56). On day 7, the OS5 group expressed a statistically 
higher amount of mRNA for RunX2 compared to the OS2 and CGM groups. On the last day 
of measurement, day 14, the CGM group expressed a statistically higher amount of RunX2 
mRNA in comparison to the OS1 and OS2 groups. A late marker of osteogenic 
differentiation is osteocalcin, an extracellular matrix protein. On day 7 the lowest expression 
was detected in the OS1 and CGM groups (Figure 57). The highest relative expression was 
observed in the OS5 and COM groups. On day 14 the highest relative expression remained 
on group OS5 followed by the OS10 and COM groups. 
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Figure 56: Osteogenic differentiation of hMSCs determined by qPCR analysis of osteogenic 
markers, relative expression of RunX2. Statistical significance is shown by bars above the columns 
(p < 0.05). 
 
Figure 57: Osteogenic differentiation of hMSCs determined by qPCR analysis of osteogenic 
markers, relative expression of osteocalcin. Statistical significance is shown by bars above the 
columns (* means statistically highest value, ¥ means statistically lowest value, p < 0.05 in black and 
p < 0.001 in red). 
4.3.7 THE IMMUNOFLUORESCENT STAINING OF OSTEOCALCIN 
Osteocalcin is an extracellular matrix protein, its relative expression was verified by the 
qPCR method (Figure 57). Moreover, the presence of osteocalcin was confirmed by indirect 
immunofluorescence staining on day 21. Osteocalcin was present in all of the tested groups 
in the case of Saos2 cells (Figure 58) as this protein is typically expressed by this 
osteosarcoma cell line. The strongest staining of this protein was observed in groups OS1-
OS5. Moreover, the staining of osteocalcin in the case of hMSC on day 14, showed the 
presence of osteocalcin in the groups with the highest concentrations of osteogenic 




Figure 58: Immunofluorescence staining of osteocalcin. Saos2 osteosarcoma cell line stained on day 
21. Osteocalcin was stained using indirect immunofluorescence (green color) and cell nuclei using 
propidium iodide (red color) and visualized using a confocal microscope. Magnification 200 ×, scale 
bar 100 µm. Abbreviations: CGM, control group cultivated in a growth media; COM, control group 
cultivated in a growth media with OS. 
 
 
Figure 59: Immunofluorescence staining of osteocalcin. hMSC stained on day 14. Osteocalcin was 
stained using indirect immunofluorescence (green color) and cell nuclei using propidium iodide (red 
color) and visualized using a confocal microscope. Magnification 200 ×, scale bar 100 µm. 
Abbreviations: CGM, control group cultivated in a growth media; COM, control group cultivated in 
a growth media with OS.  
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5 DISCUSSION 
These days organ and tissue transplantations continue to be the most important but also very 
complicated, with the possibility of damaged organs recovering in order to prolong and 
improve life expectancy [186-188]. For example, US Transplant Patient Registers keep a 
record of more than 100,000 patients every year but no more than a quarter of them are 
satisfied [189, 190]. In the European Union the population is 512.6. millions and the 
demands for organ and tissue transplantation are estimated to be of a factor 5/3 higher. As 
the increase in life expectancy continues, the gap between the need and possibility for 
transplantation will extend [191]. In the case of bone defects, four millions operations 
worldwide are necessary to be done annually to aid healing and stability to the critical size 
bone defects [159]. Therefore, the aim of this thesis is to design and in vitro evaluate a 
bioactive cell-free scaffold for the healing of critical sized bone defects to offer a solution 
for the expected improvement in the patient's prospects for quality of movement after bone 
defect repair. 
The main causes for disability in the population include bone and cartilage defects. If 
the size of the bone defect overcomes the critical size, meaning that the defect is 2.5 times 
larger than the bone radius, fixation does not lead to proper bone tissue restoration [107]. As 
cells migrating into the defect lack the matrix to overcome the formed gap, non-unions 
occur. In order to properly heal the defect, a scaffolding material is necessary to be 
introduced into the formed gap to provide the migrating cells with support to overcome the 
created gap. To integrate the scaffold into the surrounding bone tissue it is necessary that 
osteoprogenitor cells adhere on the scaffold surface, differentiate and produce the bone 
ECM. The mostly commonly used scaffolds for the healing of bone defects are autologous 
or allogenic grafts that have many disadvantages. Therefore, alternatives to bone grafts are 
being investigated.  
Several kinds of manufactured scaffolds have been tested both in vitro and in vivo 
for bone tissue engineering purposes. In general, two main approaches are tested. Either 
osteogenic scaffolds seeded with pre cultured cells [112, 192, 193] or cell-free scaffolds 
designated as drug delivery systems that serve as bioactive scaffolds to stimulate bone 
healing [194-198]. The use of cell-free scaffolds is privileged nowadays as these possess 
several advantages in comparison to scaffolds that are seeded with cells prior to 
implantation. The aspiration of cells is connected with extra surgical procedures that can 
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lead in the donor side to the morbidity, pain or inflammation. Moreover, during the ex vivo 
expansion and cultivation, the cells can undergo unwanted phenotypic changes.  
In this thesis, PCL was used for the manufacturing of fibrous scaffolds by either the 
CS or ES method. The fibrous morphology of scaffolds mimics the natural fibrillary 
environment of cells and therefore offers superior cell adhesion. Moreover, fibrous scaffolds 
pose further advantages in terms of morphology as these scaffolds have a large surface area-
to volume ratio and are highly porous with fully interconnected pores [199]. PCL is 
biodegradable polyester, therefore ECM produced by cells during the healing period 
eventually replaces the scaffold [200]. Furthermore, PCL is biocompatible and has been 
approved for medical application by the FDA. Many studies have pointed out the positive 
effect of PCL fibrous scaffolds in vitro [132, 201, 202] and in vivo [113, 203, 204] 
suggesting the potential for bone tissue engineering applications.  
Both CS and ES methods utilize different procedures to manufacture fibrous 
scaffolds with nano- to micro-fibrous morphology that is desired for superior cell adhesion 
and the ability to modulate cell behavior in terms of cell signaling. However, different CS 
and ES procedures resulted in different stereology of the scaffolds. CS scaffolds resembled a 
3D structure and fulfilled the demands on bone tissue engineering scaffolds to a higher 
extent than ES scaffolds that had the sheet like 2D morphology. A 3D nature of bone defect 
emphasizes the need of 3D porous scaffolds. Many studies confirmed the superior cell 
attachment to 3D scaffolds compared to 2D scaffolds [205, 206]. Moreover, CS eliminates 
the necessity of a high electric field, the production rate is higher [207]. In this thesis, the 
produced PCL scaffolds showed a fibrous morphology with interconnected pores. ES 
scaffolds showed a planar structure and were more compact compared to CS scaffolds as the 
mean fiber diameter along with mean pore size, were smaller in the case of ES scaffolds. 
Moreover, CS scaffolds had a higher mean pore size, open morphology and loose packing 
that is preferable for cell migration and the process of vascularization [208]. Optimal 
porosity of the scaffold is tissue specific. A pore size smaller than 100 µm does not support 
bone and tissue ingrowth [209]. For bones the optimal range in pore diameter is between 
100 – 400 µm [109]. However, in vivo testing of new bone formation revealed no 
differences in the pores ranging from 350 µm to 800 µm [210]. 
For the production of a suitable drug delivery system, we were centered on a CS 
procedure as it produced scaffolds shown to be 3D, with larger pores and open morphology. 
The release of active molecules from the scaffolds could be applied to substitute the 
osteoinductive properties of bone grafts. Surface modifications [211-213] as well as the 
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encapsulation of bioactive compounds in the core of the scaffolds [150, 214-216] have been 
tested with the aim to produce a drug delivery system that prolongs and sustain 
bioavailability of the specific compounds in proper concentrations. Such  a system is 
beneficial as it avoids the need of repeating drug administration in supraphysiological 
ranges. 
The current thesis deals with three different modifications of the PCL scaffolds. 
Firstly, platelet adhesion to the surface of the scaffolds was applied to deliver natural GFs, 
cytokines and chemokines, contained in the α-granules. In physiological healing, platelets 
are immobilized and subsequently activated, and as a result fibrin net formation occurs. The 
fibrin net is a natural scaffolding material that traps the active compounds, released from 
platelets and further serves as a reservoir of active agents to affect the healing for a distinct 
period of time. As the fibrin net progresses to degradation, the compounds trapped within 
the net are gradually released [171]. Five different concentrations of platelets were used to 
test the concentration dependence on the release and bioavailability of the GFs, cytokines 
and chemokines. Based on the SEM observations, we detected the formation of a fibrin net 
for the three highest platelets concentrations used. The release of molecules, from platelets 
adhered on the surface of the PCL scaffold, lasted for up to 14 days, was gradual and was 
dependent on the platelet concentration. Moreover, we detected differences between the 
amount of released molecules when CS and ES scaffolds were compared. CS scaffold 
supported the release of molecules to a greater extent, possibly due to the different 
stereological properties; the platelets were activated in a distinct manner. The 14 days 
release followed by the plateau phase is consistent with the in vitro evaluation of fibrin net 
degradation as it was shown that the initial degradation occurred between the first three to 
five days and the degradation was completed in two weeks [171, 217, 218]. Fibrin gels 
made from platelets favor cell adhesion, proliferation and osteogenic differentiation in vitro 
[169] and bone healing in vivo [219, 220], however the lack of the fibrin gel stability does 
not fulfill the demands for a long term temporal scaffolding material. The stability of a 
fibrin gel could be prolonged by e.g. PEGylation, but the fibrin fibers are more packed and 
the porosity of the gel is minimal [221]. Therefore, the combination of a fibrin net formation 
with PCL scaffolds that has a controlled degradation rate is beneficial [204].  
The second modification of a PCL scaffold, aiming to obtain a drug delivery system 
for bone tissue engineering, was the encapsulation of lyophilized platelet lysate 
(lyophilisate) into the core of PCL fibers. The main aim was to further prolong the release 
and bioavailability of bioactive compounds. PCL is a hydrophobic polymer that is dissolved 
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in organic solvents. Therefore, the water in oil (W/O) emulsion was processed by CS in 
order to protect the bioactivity of encapsulated compounds. Blend CS could not be used for 
encapsulation of lyophilisate as the direct mixing of organic solvents with lyophilisate 
would result in denaturation of the proteins. PF-68 was used as a surfactant for stabilizing 
the proposed W/O emulsion. PF-68 is the amphiphilic polymer that consists of polypropylen 
oxide (PPO) hydrophobic segments and polyethylene oxide (PEO) hydrophilic segments 
[222]. PF-68 is used to protect the proteins from degradation [223]. Li et al. used PF-68 to 
protect the activity of protease K during the ES emulsification of PLA-PEG nanofibers 
[146]. In this thesis, PF-68 was dissolved in ethanol and mixed with platelet lyophilizate. 
After exceeding the critical micelle concentration, the micelles of PF-68 were formed 
consisting of hydrophobic PPO cores with embedded platelet lyophilisate and hydrophilic 
PEO coronas. Upon mixing with PCL, dissolved in chloroform, the micelles rearranged 
forming inverse micelles with the lyophilisate in the core of the micelles [222]. As the 
ethanol is easily mixed with chloroform the resulting emulsion could be processed by the 
CS method. The use of the PF-68 eliminates the contact of lyophilisate with organic 
solvents. The protective activity of the PF-68 was tested using the HRP as a model enzyme. 
When the PF-68 was used for the protection of HRP, the activity of this enzyme was above 
60%, however without the PF-68 the HRP activity decreased below 30%. The release of 
overall proteins encapsulated in the core of PCL fibers showed a burst release and was 
dependent on the concentration of the used PF-68. The release kinetics of PF-68 (5%PF-
LYO) was comparable with 0%PF-LYO and PCL blend LYO. The higher concentrations of 
PF-68 (10%PF-LYO and 20%PF-LYO) showed higher concentrations of release proteins 
and faster release kinetics of lyophilisate during the first week. These results were indicated 
on fostered release kinetics from samples with higher concentrations of PF-68, subsequently 
followed by a limited diffusion of PF-68 micelles from the areas of non-eroding PCL. The 
release kinetics showed a prolonged bioavailability of the platelet lyophilisate for a period 
of three weeks and it did not reach the plateau phase. However, the encapsulation efficiency 
was not that high as the release experiment detected almost three times lower concentrations 
of proteins in comparison with the release while platelets where adhered on the surface of 
the scaffold. 
Therefore, the third and last type of PCL scaffold modification, prepared in this 
thesis, was the blend CS method in order to produce fibers with encapsulated osteogenic 
supplements, β-glycerol phosphate, ascorbate-2-phosphate and dexamethasone. Osteogenic 
supplements are generally used to induce osteogenic differentiation in vitro [181, 182]. 
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Unlike proteins contained in platelets, osteogenic supplements are compounds readily mixed 
with organic solvents without altering their structure. During the preparation of a blend 
solution for CS, the osteogenic supplements are mixed directly with the PCL and dissolved 
in acetic acid and formic acid. Direct mixing in the liquid phase secures the distributions of 
the supplements along the PCL fibers. The high loading concentrations of osteogenic 
supplements (from 40 mg g
-1
 to 400 mg g
-1
 of PCL for β-glycerol phosphate and from 750 
mg g
-1
 of PCL to 7500 mg g
-1
 of PCL for ascorbate-2-phosphate) affected the CS procedure. 
Dexamethasone was present in low concentrations due to its toxic effect when higher 
concentrations were used for cell culturing [224]. A further increase of osteogenic 
supplements in polymeric solution resulted in the fibrous scaffold formation, however, the 
diameter of fibers and their quality slightly decreased. In the case of lower supplements 
concentrations used (OS1 and OS2 samples), the mean fiber diameter was lower compare to 
the plain PCL scaffold. This phenomenon possibly occurred due to the increased polymer 
conductivity when supplements were added into the polymeric solution. With higher 
supplements concentrations the internal viscosity increased. This resulted in the increase in 
the mean fiber diameter due to the presence of microfibers (OS5 sample). A further increase 
in osteogenic supplements concentration (OS10 sample) resulted in a decrease of mean fiber 
diameter but at the same time a higher amount of defects was present as the cohesion of 
polymer increased and aberrant fiber formation possibly occurred.  
A successful encapsulation of osteogenic supplements was demonstrated by FTIR-
ATR spectroscopy. With the increased concentration of supplements, we detected an 
increase in the resonance typical for PO4, O-H and C=C groups. The release kinetics of the 
osteogenic supplements from the PCL scaffolds were evaluated based on the phosphate 
release from β-glycerol phosphate and ascorbate-2-phosphate. The dexamethasone release 
was not evaluated as the concentration of dexamethasone encapsulated into the fibers ranged 
from 3.9 ng (OS1) to 39 ng (OS10). Such low concentrations are below the detection limit 
of generally used methods: UV-VIS spectroscopy [225] and High performance liquid 
chromatography [226]. Based on the results of phosphate release, a sustained release of 
osteogenic supplements for 31 days was observed with no burst release in the first phase. 
OS5 and OS10 samples released higher amounts of phosphate compared to the OS1 and 
OS2 samples. None of the tested samples reached the release plateau, indicating that the 
release of molecules would possibly further continue. As bone healing is a long term event, 
a drug delivery system releasing the drugs over the one-month period is advantageous for 
bone tissue engineering. 
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In general, the release of drugs from the fibers occurs via two main mechanisms. 
Degradable materials release the drugs as the material degrades [227, 228] while non-
degradable or slowly degradable materials releases the drugs via their diffusion through the 
polymer [229]. PCL, used to prepare the scaffolds for this thesis, is a slowly degradable 
polymer, therefore, the release of either platelet lyophilisate or osteogenic supplements 
depend on the diffusion rate of water and drugs through the polymer.  
In regenerative therapy, platelets are often studied for their therapeutic potential.   A 
number of publications showed evidence that platelets alone do not enhance bone healing 
but in combination with bone marrow stromal cells or bone grafts or with manufactured 
scaffolds permit the acceleration of bone healing [230-233]. A study  by Sarkar et al. does 
not support the evidence for the acceleration of bone healing when platelets with collagen 
scaffold were used [173]. On the contrary, a study by Kim et al. showed an acceleration in 
bone healing when platelets were used alone; the results showed the same healing potential 
when compared to concentrated GFs [234]. The differences in literature concerning the 
effect of platelets vary, mainly due to the preparation procedure and different platelets 
concentrations used [235].  
The healing of bone fractures is a complex process during which cytokines, 
chemokines and GFs are crucial. In the first phases of healing, haemostoma and 
inflammation take place. Macrophage activation is mediated via IL-1 and IL-6 pro-
inflammatory cytokines [77, 79]. Osteoblast maturation is activated by IL-17 [80, 236]. IL-
1, TNF-α, SDF-1 and GCSF stimulate activation in mesenchymal progenitors [237]. bFGF 
is responsible for promoting the proliferation of progenitor cells [238]. IGF-1 is an 
antiapoptotic and pro-osteogenic factor [237, 239]. TGF-β stimulates osteogenic 
differentiation [239, 240]. PDGF has also been shown to have a positive effect on bone 
repair as it is a strong chemotactic agent for osteoblasts and stem cells [241]. VEGF is 
necessary for the neovascularization of bone tissue. RANTES was proven to influence the 
osteogenic differentiation of MSCs [242].  
In this thesis, three different bags, derived from the blood of 4 or 16 donors, were 
used in order to minimize inter-individual differences that vary in the terms of donors age, 
gender or physiological state [98]. A multiplex protein assay and ELISA were performed 
from each of the bags to evaluate the presence of different GFs, cytokines and chemokines. 
However, these assays have limited sensitivity, therefore, we have identified only part of the 
factors contained in the platelets as complex proteomic analysis identified more than 500 
proteins within the platelets proteome [98]. In higher concentrations pro-inflammatory 
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cytokines IL-8, -9, -12, -15, -17, IFN- and TNF-α were presented. The anti-inflammatory 
cytokine IL-1ra was also present in higher concentration while the others were below 100 pg 
mL
-1
. IP10, MIP-1b and RANTES are chemokines detected in higher concentrations. The 
most abundant GFs were TGF-β and PDGF-BB. Moreover, detected bFGF, G-CSF, VEGF, 
EGF and HGF were also present in higher concentrations and IGF-1 together with KGF 
were also present but in lower concentrations. The antiangiogenic factor thrombospondin 
was one of the most abundant proteins identified. As platelets contain a mix of proteins, 
some of them also posess negative role in bone healing. For example, TNF-α is a mediator 
of the foreign body reaction [202], and was also shown to induce apoptosis of osteoblasts 
[204, 223]. However, there is evidence that some levels of TNF-α are necessary for bone 
resorption occurring during the process of bone repair [146]. IL-10 was shown to 
downregulate TGF-β synthesis in mouse bone marrow cells [243]. Thrombospondin is an 
angiogenic factor that inhibits neovascularization and was shown to negatively influence the 
proliferation of osteoblasts, endothelial cells and periodontal ligament cells in 
concentrations above 2.5 g mL
-1
 [222]. However, the concentration of thrombospondin 
detected in this thesis was below 95 ng mL
-1
.   
Prepared scaffolds were tested in vitro in order to evaluate the potential of the drug 
delivery system to provide regeneration promoting substances to the system. MG-63 is a 
human osteosarcoma cell line frequently used in bone tissue engineering studies [244-248]. 
However, differences in the proliferative potential or synthesis of ECM proteins between 
cell lines derived from osteosarcoma and primary cells have been published [249, 250]. 
Therefore, we also included experiments with hMSCs. Adhered platelets on the surface of 
PCL scaffolds provided bioactive compounds with a diverse effect to the cultured cells. 
Based on the results, we observed a positive effect of released compounds on cell 
proliferation and metabolic activity. The positive effect proved to be dose dependent on the 
concentration of adhered platelets. In the case of MG-63 osteosarcoma cell line, the two 
highest concentrations of platelets (3,000 × 10
9
/L and 900 × 10
9
/L of platelets, groups P1 
and P2) had a positive effect on cell metabolic activity and proliferation. In the case of 
hMSCs we have seen differences in the response to different doses of platelets. Following 
the concentration of 100 × 10
9
/L of adhered platelets (group P4) a positive effect on 
metabolic activity and the proliferation of hMSCs was observed. The two highest 
concentrations of adhered platelets (3,000 × 10
9
/L and 900 × 10
9
/L of platelets, groups P1 
and P2), were shown to be the most promising. Comparable results between groups P1 and 
P2 were detected, thus, the saturation in the pro-proliferative capacity was demonstrated. No 
108 
positive effects of the lowest concentration (30 × 10
9
/L of platelets, group P5) was detected. 
These results are in agreement with studies that evaluated the effect of platelets on cell 
proliferation [177-179, 208].  
During this experiment different morphology of the scaffolds and the presence of 
osteogenic supplements in the culture media were also tested. In general, a positive effect on 
metabolic activity of hMSCs in the presence of platelets was proven, however the 
coadministration of platelets with osteogenic supplements (10 mM β-glycerol phosphate, 
100 nM dexamethasone and 40 µg mL
-1
 ascorbate-2-phosphate) had a supportive effect and 
resulted in an increase in the rate of metabolic activity. The different morphology of the 
scaffolds is an additional factor affecting cell behavior. CS scaffolds were shown to promote 
cell proliferation in comparison with ES scaffolds in the second half of the cultivation 
period. The ES scaffold had a high packing density, therefore cells did not have the space to 
further migrate and proliferate after reaching the confluency. On the other hand, the CS 
scaffolds showed an open morphology enabling cell to penetrate deep within the volume of 
the scaffold [251]. An increase in ALP activity is connected with the induction of 
osteogenic differentiation [252, 253]. MG-63 showed fostered ALP activity in the case of 
the two highest platelets concentrations (P1 and P2). In the case of hMSCs, no effect on 
ALP activity was observed when the cells were cultured in a growth media. However, upon 
the addition of osteogenic supplements, an increase in the activity of ALP was detected. 
Moreover, the three highest platelets concentrations (3,000 × 10
9
/L - 300 × 10
9
/L of 
platelets, groups P1-P3), promoted the activity of ALP statistically more, compared to the 
rest of the groups. These results are in agreement with Herrera et al. who observed the dose 
dependent effects on stimulation of ALP activity [180]. On the contrary, there are studies 
that show no stimulatory effect of platelets [178] or even inhibition of platelets on ALP 
activity [179].  
The effect of released encapsulated lyophilisate from the PCL scaffold was tested on 
the model of MG-63 osteosarcoma cell line.  Cell proliferation was influenced during the 
early phase of cell cultivation, however during the first week the effect of released 
compounds was diminished and no differences were observed when compared to the control 
group. Different results were obtained when the effect of release compounds was tested in 
regard to cell metabolic activity. A significant improvement in the metabolic activity 
occurred for the whole culture period in comparison with the control group. However, the 
estimated effect was not observed. In addition to superior cell proliferation and metabolic 
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activity, we also estimated the onset of the osteogenic differentiation. Therefore, in addition 
to platelets we decided on the utilization of osteogenic supplements. 
Osteogenic supplements, namely β-glycerol phosphate, ascorbate-2-phosphate and 
dexamethasone, are compounds widely used in a number of in vitro protocols. Suggested 
concentrations for the induction of osteogenic differentiation of MSCs are 10 mM for β-
glycerol phosphate, 40-50 µg mL
-1
 of ascorbate-2-phosphate and 10-100 nM of 
dexamethasone [254-258]. The cultivation of Saos2 osteosarcoma cell line on PCL scaffolds 
with encapsulated osteogenic supplements revealed a positive effect of released supplements 
on Saos2 proliferation and improved metabolic activity compared to both the CGM (cell 
cultured in growth medium) and COM groups (cells cultured in growth medium with added 
osteogenic supplements). The indirect immunostaining method of osteocalcin revealed the 
presence of this protein on all of the scaffolds as Saos2 cells typically express osteocalcin, 
however, the higher doses of osteocalcin were observed on scaffolds OS1-OS10. 
Furthermore, collagen type I expression showed the highest levels on groups OS2 and OS5. 
Overall these data suggest that higher doses of osteogenic supplements, present in groups 
OS10 and COM, had a negative effect on the production of osteogenic markers. Also, the 
comparison of the tested groups with the CGM group revealed a positive effect of scaffolds 
loaded with osteogenic supplements. These results clearly demonstrate the positive effect of 
gradually released osteogenic supplements on Saos2 osteosarcoma cell line, with scaffold 
OS5 showing the best results. hMSCs were seeded on the same scaffolds, however, the 
observed trend was distinct to the results obtained while Saos2 were cultured on these PCL 
scaffolds. From a proliferation and metabolic activity point of view, we observed no 
positive as well as no detrimental effects of different PCL scaffolds releasing osteogenic 
supplements compared to both control groups. The results from SEM observation and 
confocal microscopy are in agreement with this statement. hMSCs adhered similarly on all 
of the scaffolds and, as proliferated, they confluently covered the whole surface of the 
scaffolds. This finding is in agreement with the study that followed the effect of released 
osteogenic supplements from microspheres on hMSC proliferation [181]. The positive effect 
of osteogenic supplements on fostered cell proliferation and metabolic activity was proven 
when the cells were seeded in a lower cell density compared to our cell seeding density 
[255, 259]. Moreover, Peter et al. confirmed that after reaching the confluency of seeded rat 
MSC, further exposure of cells to the osteogenic supplements had no positive effect on cell 
proliferation /49/. Those studies suggest that the effect on cells is connected to the initial cell 
seeding density and after reaching the confluency the effect of supplements is diminished. 
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However, the osteogenic supplements are used mainly due to their osteoinductive potential 
which was also evaluated in this thesis. Changes in ALP activity is marker of early 
osteogenic differentiation, however ALP is also a marker of stemness. Therefore, the trend 
in ALP activity for ongoing osteogenesis is an increase in the early days followed by a 
decrease [6]. In this experiment, we observed an increase in ALP activity, which is the 
osteogenic marker, for all scaffolds, however, the highest measured ALP activity was 
observed in the COM group. hMSCs in the COM group were cultured in the presence of a 
constant level of β-glycerol phosphate, which serves as a substrate for ALP. There are 
several studies that are concerned with different cultivation conditions, however the 
complete growth medium with osteogenic supplements shows the best effect on cultured 
hMSCs [255, 258, 259]. The qPCR analysis of markers related with osteogenic 
differentiation was performed. The key transcription factor, RunX2 is an early marker. The 
peak in the expression was reached on day 7 in group OS5. Higher amounts of mRNA for 
collagen type I were expressed on day 7 in groups OS5 and OS10 and in group CGM on day 
14. Moreover, indirect immunostaining of extracellular protein osteocalcin was performed. 
The protein was present on day 21 in groups OS5, OS10 and COM. These results are in 
agreement with the qPCR analysis of expressed mRNA for osteocalcin. Therefore, the 
higher doses of osteogenic supplements either released or added to the growth culture 
medium, mostly influenced the onset of osteogenic differentiation in the cultured hMSCs. 
These results are similar to those obtained by Shi et al who cultured hMSCs in the presence 
of released osteogenic supplements from poly(lactic-co-glycolic acid) sintered microsphere 
scaffolds and detected highest mRNA for osteogenic marker expression on this scaffold 
[181]. Therefore, groups OS5 and OS10 were comparable with the COM group where 
hMSCs were incubated with the concentrations of osteogenic supplements sgenerally used 
in vitro.  
The author’s contribution in each of the published articles: Věra Lukášová made a 
substantial contribution to the most in vitro methods in the listed publications. She 
participated in the release kinetic testing and in the fabrication of the scaffolds. 




The aim of this thesis was to design and in vitro verify the cell-free scaffolds for bone tissue 
engineering. Fibrous 3D scaffolds fill the critical size bone defects, serve as a scaffolding 
material for migrating cells and further promote their proliferation. However, modification 
of these scaffolds is necessary to support the complex healing of bone defects. The CS 
method is a versatile technique to produce fibrous 3D scaffolds that could be modified to 
support the healing of a broad scale of target tissue.  
Platelets are a natural source of GFs, cytokines and chemokines that participate in 
the healing process. Platelets adhesion to CS PCL scaffolds, led to their activation and 
formation of fibrin net on the surface of the PCL scaffold. The fibrin net enables the 
immobilization of the released bioactive compounds from the platelets. The release studies 
showed a concentration dependence on the amount of adhered platelets with a platelet 
concentration of 3,000 × 10
9
/L, visibly releasing the highest amount of overall proteins. 
Moreover, we compared the two scaffolding systems on their ability to immobilize the 
bioactive compounds. The ES scaffold showed the release of thrombospondin in lower 
concentrations for just up to 3 days compared to the CS scaffold that released 
thrombospondin in higher concentrations. The CS scaffold is more porous with a 3D 
structure and offers more contact points for platelets adhesion. Thus, the prolonged 
bioavailability of the thrombospondin for up to 7 days was detected. Contained between the 
released compounds in higher concentrations were TGF-β1, PDFG-BB, thrombospondin, 
RANTES and P-selectin. However, the number of other GFs and ILs were also released in 
lower concentrations. The dose dependent effect of these compounds was verified in the 
model of MG-63 osteosarcoma cell line and hMSCs. Improved metabolic activity, 
proliferation and ALP activity was detected when concentrations of platelets 900-3,000 
×10
9
/L were used. Thus, the potency of this system for bone tissue engineering was proven, 
however, the prolonged release of active molecules was intended. Therefore, we prepared 
lyophilized platelet lysate (lyophilisate) that was encapsulated in the core of the PCL fibers 
by the CS emulsion approach. An amphiphilic molecule PF-68 was used in order to protect 
the bioactivity of the proteins during the manufacturing of the scaffolds in order not to 
degrade in the solvent system. A prolonged release of up to 21 days without reaching the 
plateau phase was observed. In up to 10% of the used PF-68 with platelets lyophilisate, we 
observed the dose dependent release, but higher concentrations of PF-68 did not further 
improved encapsulation efficiency. The release of bioactive compounds was three times 
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lower in concentrations compared to the platelet adhesion. Therefore, only in the first week 
of the experiment, the improvement in metabolic activity of MG-63 cells was observed.  
In order to produce a scaffold with a stronger osteogenic potential, we encapsulated 
osteogenic supplements, in the core of the PCL fibers. Namely β-glycerol phosphate, 
dexamethasone and ascorbate-2-phosphate, in the range from once to ten times 
concentrated, compared to generally used in vitro concentrations (10 mM, 100 nm and 40 
µg mL
-1
 respectively). The manufacturing of this scaffold was performed based on the blend 
CS method as the acidic solvent environment does not degrade the osteogenic supplements 
and enables mixing with high supplements concentrations. The release of osteogenic 
supplements lasted for up to 31 days and was sustained. The scaffolds with osteogenic 
supplements showed fostered metabolic activity and proliferation of Saos2 osteosarcoma 
cell line. OS5 scaffold, with 50 mM β-glycerol phosphate, 500 nM dexamethasone and 200 
µg mL
-1
 ascorbate-2-phosphate was also used for the PCL scaffold preparation, promoted 
osteogenic differentiation of hMSCs and Saos2 the most of all the tested scaffolds.  
The proposed bioactive scaffolds could serve as cell-free scaffolds. The 
immobilization of platelets forming the fibrin net on the PCL scaffold or encapsulation of 
osteogenic supplements, deliver bioactive molecules to a precise location. Moreover, the 
sustained release of a bioactive compound in a spaciotemporal manner in proper 
concentrations is possible. Unlike synthetic GFs, platelets are a natural source of GFs that 
can be used autologously. Osteogenic supplements could be processed with the qualities 
applicable in medicine. Furthermore, a PCL scaffold is a material approved by the FDA for 
medical use, its biodegradability could also be controlled based on the selection of a suitable 
molecular weight of PCL. Therefore, the proposed future perspective of tested scaffolds is a 
combination of both systems in order to process a promising material with a high 
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